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SUMMARY
The mechanical properties and fracture mechanics of a series 
of short glass fibre reinforced and rubber toughened 
polypropylene composite grades has been studied. The 
microstructural characteristics of composite grades were examined 
and, through appropriate models, related to the observed 
mechanical properties.
The moulded material was modelled as being composed of fibre 
reinforced plies of varying average fibre orientation. The 
rubber was distributed uniformly throughout the specimens. The 
main effect of the rubber was to reduce the stiffness of the 
matrix and hence also the efficiency of the load transfer at the 
fibre/matrix interface while at the same time improving the 
fracture toughness and critical strain energy release rate of the 
matrix.
Automated image analysis has been used to characterise the 
rubber particles’size, shape and distribution, and glass fibres' 
length and orientation distributions. The fibre/matrix interface 
has been studied using a novel single fibre fragmentation 
technique. Iterative computer simulations have been developed 
to accurately predict the stress-strain response of the various 
grades.
The fracture mechanics properties of this series of 
materials are highly strain rate sensitive. At low strain rates 
the addition of glass fibres reduces the toughness of the 
material because the fibres act as discontinuities within the 
matrix, aiding initiation and propagation of a crack. At higher 
strain rates the fibres toughen the material by increasing the 
energy dissipation associated with fibre pull-out. These effects 
result in changes in the fracture surface morphology. Fibres
pulled-out at low strain rates had clean surfaces. At higher 
strain rates the surfaces of pulled-out fibres were coated in an 
adherent sheath of matrix material. These effects are considered 
to be a consequence of the viscoelastic nature of the matrix. 
At low strain rates the matrix deforms plastically. At impact 
speeds the matrix responds in apredomoninantlybrittle manner.
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1. INTRODUCTION
Short glass fibre reinforced thermoplastics (SFRTP) are 
utilised in a wide range of low-cost high-volume applications. 
With lower specific mechanical properties than continuous-fibre 
reinforced composites, SFRTP's are attractive on account of their 
low-cost enhanced properties in relation to unreinforced 
thermoplastics, and their ability to be injection moulded into 
complex shapes at high production rates.
The general effect of short glass-fibre additions to the 
polymer is to raise the elastic modulus and strength whilst 
reducing ductility. Toughness is also influenced, but it is more 
difficult to characterise because it is affected by stress 
concentrations, test piece geometry, microstructural morphology, 
loading strain rate and environmental conditions.
The present project is concerned with a polypropylene base 
polymer, to which glass fibre, a polyolefin rubber and a coupling 
agent have been added. Rubber introduced to unreinforced 
thermoplastics resides as a separate phase within the base 
polymer. These polymer "alloys” have enhanced toughness but with 
an associated reduction of the mechanical strength and stiffness. 
Rubber additions to short fibre reinforced thermoplastics produce 
similar general effects but the behaviour is more complex due to 
the different toughening mechanisms and effects in the region of 
the fibre/matrix interface. The coupling agent is designed to 
promote adhesion of the polymer matrix to the glass fibre 
surface.
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It is well known that the flow of a fibre filled melt into 
the mould leads to a complex fibre orientation distribution 
(FOD); the FOD often changing in layers through the thickness and 
this pattern itself changing in location in the moulded part. 
This leads to anisotropy and inhomogeneity of mechanical 
properties. It must also be noted that the fibre length 
distribution affects mechanical properties and can itself be 
influenced by the injection moulding process. Since the 
behaviour and properties of SFRTP are strongly dependant on 
microstructure a major aim of the present work was to develop 
techniques for characterising microstructure accurately. To this 
end, automated image analysis has been used to characterise the 
composite microstructure. The fibre/matrix interface has been 
studied using a novel single fibre fragmentation technique. 
Iterative computer simulations have been developed to accurately 
predict the stress-strain response of the grades.
It is important to provide designers and engineers with 
measurements of toughness. Within the work, recently developed 
test methods (Linear Elastic and Elastic Plastic fracture 
mechanics) were applied. Testing was performed at high strain 
rates to investigate impact resistance and at slower strain rates 
to produce controlled crack propagation. Polymeric materials are 
viscoelastic solids. Their propensity to anelastic and plastic 
deformation is reduced when they are tested at high strain rates 
and/or at low temperatures. Fracture surface morphology was 
studied to identify the toughening mechanisms which operate in 
these materials within different loading regimes.
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2. LITERATURE SURVEY
A project which is intended to cover the broad spectrum of 
the mechanical properties and characteristics of a short fibre 
filled thermoplastic material, by its very nature will include 
many varied topics of study. The most influential parameters for 
any particular material will be the levels and properties of the 
component materials. It is a description of these base materials 
which will commence this chapter. Compounding and fabrication 
of the composite material designates the spacial and physical 
nature of the individual components within the final moulding. 
Understanding the fabrication route and its effect upon the 
microstructure of the final component is essential for a later 
explanation of the mechanical properties.
Arguably the most important chemical/physical micro­
characteristic of any composite is the interface between the 
fibre and the matrix. It is the interface which transfers the 
load from the matrix into the fibre, and hence determines how the 
fibre will be stressed. The manner by which a fibre reinforces 
a composite is the basis for any models of composite stiffness 
and strength, and these are also discussed.
The most unusual feature of the family of material grades 
under study within this work, is the inclusion of a rubber phase. 
As will become apparent later, this addition is made to enhance 
the impact properties of the material. The final section of this 
chapter is concerned with discussing the merits of different 
fracture toughness tests for measuring an absolute value to 
quantify this property.
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2.1. FABRICATION
Fabrication of short fibre reinforced thermoplastic 
materials requires the execution of a number of discrete steps. 
Firstly the constituent elements need to be weighed and roughly 
dry mixed. Thorough dispersion, fibre attrition and interfacial 
bond development between the composite elements occurs during 
extrusion compounding. Finally the chopped extrudate is 
injection moulded into the component shape.
2.1.1. Extrusion Compounding
The first stage of thermoplastic commodity fabrication is 
production of a quasi-homogeneous mixture of the component 
materials, i.e. polypropylene, rubber, glass, stabilisers and 
coupling agents. It is essential that effective blending of the 
component materials occurs during extrusion, as later processing 
has only a limited mixing effect.
Melt-blend extrusion consists essentially of a rotating 
screw conveyor carrying cold plastic pellets or powder forward 
and compacting it in the compression section with heat from 
external heaters and from the friction of viscous flow. Glass 
fibre is added to the base polymer as loose chopped fibre or 
continuous roving. It is drawn into the barrel by the rotating 
screws and broken up by shear of the molten material around them. 
The pressure is highest at the point where the plastic enters the 
die that shapes the extrudate. The screen pack or breaker plate 
between the screw and the die filters out dirt and unfused
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polymer lumps. When thermoplastics are extruded, it is necessary 
to cool the extrudate lace below the crystallisation temperature, 
Tc, in order to gain dimensional stability. This is done by 
running the lace through a tank of water, or simply air-cooling, 
depending on the heat capacity of the polymer blend. The 
continuous lace of extrudate can be chopped before cooling at the 
die face, or after cooling at the end of the cooling baths. The 
granules are dried thoroughly prior to being fed to an injection 
moulding machine.
2.1.1a. Fibre Attrition and Dispersion
Extrusion compounding has been shown to give good wetting 
and distribution of fibres; hence it is used widely in the large 
scale production of fibre reinforced injection moulding granules. 
The major disadvantage of this type of production route is the 
high level of fibre attrition associated with the large shearing 
forces within the melt. However, a reduction in the level of 
shear would result in a poor dispersion of fibres.
The balance between fibre dispersion and fibre attrition has 
been the object of much study. Krenchel1 showed that relatively
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small compressive stresses applied to non-woven glass fabric gave 
rise to fibre breakage. Bader and Bowyer2 have shown that the 
level of shear and fibre attrition going on around the screw is 
controlled by the processing variables. Lunt and Shortall3 
likewise reported that fibre degradation is dependant on screw 
speed and diameter. Their work concluded that the majority of 
fibre breakage occurs in a small region along the extruder barrel
5
and that, in steady state operation, it is the region of the melt 
pool which is associated with this effect.
Johnson and Lunt4 postulate three mechanisms by which fibre 
length can be reduced during the compounding operation. These 
are:
i) by monofilaments bending around the high curvature 
surfaces of other filaments;
ii) by the turbulent motion of the polymer melt producing 
sufficient amounts of stress in a filament to cause 
tensile failure;
iii) by the film of sizing material between adjacent filaments 
breaking down under conditions of high shear - a 
phenomenon that results in a contraction of the high 
modulus glass surfaces and consequently leads to crack 
propagation through the filaments.
Similarly the results of Gupta et al5 indicate that during 
extrusion of glass fibre-filled polypropylene in single-screw 
plasticising extruders, the breakage of fibres occurs 
predominantly in the melting zone at the solid-melt interface. 
The fibre attrition is visualised as a two stage phenomenon. 
First the fibres, which are exposed by the surface of the 
granules melting close to the barrel wall of the extruder, 
interact with the flowing melt and experience a bending moment 
which can result in fibre breakage. The broken pieces flow with 
the melt and can experience further breakage due to post-buckling 
deformation. A model was developed to predict this attrition6.
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Essentially it determines the bending moment experienced by a 
single fibre, anchored at one end, being subjected to drag forces 
produced by the flow of the polymer past it. For fibres which 
are free to move in the molten polymer, buckling introduced by 
the shearing motion of the molten polymer produces attrition as 
is predicted by the Forgas and Mason model7.
Fibre can be added to the extruder as a dry-blend into the 
hopper, or feeding the fibres into the melt at some distance 
along the barrel. Franzen et al8 observed that for both systems 
the bulk of the fibre degradation process occurred within a 
relatively short period after introducing the blend into the 
compounding extruder. Additional fibre damage was noted to occur 
in the exit orifice of the compounders as well as in the 
injection moulding step.
The fibres in the extrudate have a maximum length designated 
by the largest dimension of the extruded granules. However, 
fibres of that length are very seldom observed in uniform 
dispersions, which generally contain a range of fibres from the 
maximum possible length down to fracture fragments whose lengths 
are of the order of a few fibre diameters.
2.1.2. Injection Moulding
The process of producing complex shaped components by 
injection moulding was first devised and used for unfilled 
thermoplastics. The process is now successfully used with fibre 
filled materials, albeit with a few alterations due to the 
different physical nature of the filled materials.
During injection moulding the compounded extruded granules 
fall from a hopper into the channels of a single rotating screw 
which carries the granules forward into a heating zone where they 
melt and become compressed. The molten material is stored in a 
section of the barrel in front of the screw and behind the mould. 
The screw is forced forward in a plunger like manner, forcing the 
molten material through a narrow sprue into the mould cavity. 
The screw may remain forward during freezing of the moulding. 
It then returns and threads its way back to the rear of the 
barrel. It is in this part of the cycle that the screw is 
invaluable because it increases heat transfer at the walls and 
also causes considerable heat by the conversion of mechanical 
energy into heat in an adiabatic system. When the finished part 
is ejected from the mould, the entire cycle is repeated.
To produce optimal conditions for moulding, rheology, heat 
conductivity and fibre attrition need to be considered. Typical 
processing conditions are set out below:
i) Low injection speed:
- prevents fibre breakage through the sprue;
- controls fibre orientation distribution,
ii) Low screw speed and back pressure:
- minimises fibre breakage.
iii) Melt temperature maintained at the high end of a range
recommended for unfilled thermoplastics:
- keeps melt viscosity low;
- assists in reducing premature solidification,
iv) Long mould cooling times:
- ensures moulding dimensions are stabilised;
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- avoids voids.
v) Screw torque:
- as a result of the reinforcement, the density and 
viscosity of the material are increased and thus a greater 
torque is required by the screw, as compared to that for 
unreinforced material. However, reducing the volume 
fraction of the matrix material results in a reduction in 
the energy required to ensure plasticisation of the 
matrix. The two process act against each other.
vi) Screw size and injection pressure:
- due to the higher viscosity of the fibre filled 
material, the injection pressures must be raised. Modern 
injection moulding machines are designed for a selection 
of different size screw diameters for each injection 
unit. For processing short fibre reinforced materials, 
the smaller screws with higher injection pressures are 
preferred.
vii) Clamping pressure:
- due to the higher viscosities the internal pressures 
are higher than in non-reinforced materials. Clamping 
units for processing reinforced materials must be 
designed to take high internal pressures with very little 
bending.
The resultant wear on the screw from the short fibre 
reinforcement is influenced by:
-type of fibre;
-amount of fibre reinforcement;
-processing conditions.
It has been found by Eckardt and Munschek9 that the most 
abrasive effect on the screws is in the compression zone. This 
is due to the fact that in the high pressure compression zone, 
the viscosity of the material remains high. The fibres can 
therefore attack the screw and the barrel. To reduce abrasion 
the screw and barrel can be ion-nitrided and the flights of the 
screw worst affected can be armoured.
2.1.2a. Molecular Orientation
During moulding the molten polymer undergoes large shear and 
extensional flow which, if frozen in, may lead to molecular 
orientation in the final product. The crystallisation of the 
polymer may also be affected by the melt flow and by the presence 
of fibres: for example, epitaxial crystallisation of polymer
molecules has been observed around carbon fibres. It is 
therefore not always correct to assume that the matrix is 
isotropic and homogeneous. Kantz et al10 observed a skin-core 
crystallite morphology in unreinforced polymer injection 
mouldings. A correlation was found between the skin thickness 
and the mechanical properties of the test-bar mouldings.
Schmidt went further and by use of a colour tracer 
technique, showed the skin-core structure to be a direct 
consequence of the unsteady flow conditions going on within the 
mould cavity. More precisely, the splitting melt front arises
-type of polymer matrix;
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as the melt enters the mould through a constricted gate. It then 
diverges and decelerates, thus inducing these effects. Schmidt 
noted that the surface layer was highly orientated and non- 
spherulitic for crystalline polymers.
2.1.2b. Fibre Orientation
The effects of matrix crystallite orientation are usually 
insignificant when compared with those of fibre orientation. 
Melt flow during mould filling results in orientation of the 
fibres. This will vary from one part of the material to another 
depending on the way in which mould filling occurs. Thus, the 
orientation distribution depends upon the position of the gate 
and on the process conditions, since these affect the flow 
properties of the fibre-filled melt. Fully three-dimensional 
random distributions of fibres are not expected, and because of 
the orientation distribution variation within the material it is 
impossible to obtain experimental data which is entirely 
characteristic of random fibre material.
Layer structures are often observed in the through thickness 
sections of mouldings12'13'14. The extent of this layering 
can be influenced by mould design and processing parameters. 
Bright et al moulded short fibre reinforced polypropylene 
(SFRPP) into a two cavity mould to show that fast injection 
speed, slow constant injection speed and stepping the injection 
stroke gave rise to differences in fibre orientation. Slow 
injection speed produced a core region (which was transverse to 
that observed at fast injection speeds) in which the fibres were
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aligned in the melt flow direction and were thicker than for fast 
injection strokes. These mouldings also contained a distinct 
fibre free region surrounding the core which was absent in faster 
injected shots. Consequently the skin region was thicker in fast 
injected mouldings. Malzahn and Schultz16 proposed that the 
frequent observation that fibres in the core of a plaque lie 
predomoninantly in the plane of the plaque and perpendicular to the 
mould fill direction (MFD) whilst at the edges they lie in the 
MFD, is due to a squeeze flow effect. This is caused by the 
prolonged ram pressure used to suppress shrinkage on freezing. 
Similar observations were made by Singh and Kamal17. 
Surprisingly, a layer with random fibre orientation was always 
observed in the vicinity of the wall. Also a layer was observed 
below the surface with a low concentration of fibres.
In a study by Bright and Darlington18 it was shown that 
mould geometry plays a far more significant role in fibre 
orientation distribution (FOD) than process variables. A more 
complex mould filled with short glass fibre reinforced 
polypropylene was used in this series of experiments. The 
experiments emphasised that real commercial components inevitably 
contain flow peculiarities which are not observed in simple 
moulds, and that the flow singularities often give rise to the 
weakest regions. The most common of these is the ’weld' or 
’knit' line, which is produced where two approaching melt fronts, 
caused by multiple gating or projections within the mould, meet. 
There is insufficient shear where the melt fronts collide to 
allow the fibres to straddle the two solidifying fronts and 
consequently a plane of weakness is produced. Compositions
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reinforced with flakes and fibres show the greatest loss in 
strength. This is due to flow induced filler orientation in the 
weld line zone19. Hogg20 investigated the impact and 
indentation properties of short fibre reinforced polypropylene 
containing a central weld line. Slow indentation testing could 
not distinguish between discs with or without a central weld line 
whereas instrumented falling-weight impact tests produced 
different failure modes and significant changes in the amount of 
energy absorbed between specimen subsets.
It should also be noted that different base polymers (e.g. 
polypropylene and nylon 66) may give different patterns of fibre 
orientation in the same mould geometry21 .
The fibre orientation distribution in a moulded part cannot 
be predicted with any certainty at the design stage, except in 
the simplest of geometries. Even if it were possible to predict 
the exact FOD throughout the moulding, the complexity of any 
stress analysis required to handle the resulting anisotropy and 
inhomogeneity would in most cases be impracticable. Hence, when 
components are designed to comply with strength and stiffness 
criteria, the use of lower bound tensile strength data with a 
"maximum stress" failure criterion may in many instances lead to 
over-design.
2.1.2c. Shrinkage. Warping and Voiding
General defects found to be present in injection moulded 
components include shrinkage, warpage and voiding:
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i) Shrinkage is common in unreinforced mouldings and is a 
result of the contraction of the polymer upon freezing and 
cooling. This problem can be reduced by retaining a residual 
pressure on the polymer during cooling; the pressure being 
dependent upon the compressibility of the polymer. In reinforced 
polymers the ability to apply a back pressure during cooling is 
very limited. The fibres increase the heat conductivity, and the 
reduced volume fraction of polymer reduces the latent heat of the 
system resulting in the sprue freezing off soon after the mould 
is filled. Cloud and Wolverton22 studied shrinkage and warpage 
of glass fibre and glass bead filled thermoplastic matrices. 
They observed that as the level of reinforcement was increased 
the degree of warpage increased, but the degree of shrinkage 
decreased.
ii) Wetherhold, Dick and Pipes12 observed an asymmetrical 
difference in the skin thickness of mouldings. They proposed 
that this is caused by different temperature gradients in 
opposite walls of the mould. This resulted in the observed 
asymmetric warpage, which is particularly pronounced in thicker 
cross-sections. Mascia and Speck23 observed that warpage 
became more pronounced as mould temperature increased. They 
suggest the elimination of warpage by encouraging a differential 
mould wall temperature. The warp itself, they attribute to 
differing molecular orientation and degree of crystallinity in 
each moulding surface. It is thought that there is a close 
relationship between fibre and molecular orientation, and that 
annealing treatments moderate the warping by relaxing molecular 
orientations and promoting crystallisation.
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iii) Voiding is a problem particularly associated with short 
fibre reinforced thermoplastics. After the surfaces of the 
moulding freeze, the central core cools and contracts but is 
restricted by the stiffer surface layers. The central core then 
voids as it is unable to sink as would an unfilled moulding. 
Voiding weakens the moulding, and is particularly undesirable as 
it is clearly observable in finished components moulded in 
translucent matrix materials such as polypropylene or nylons. 
This type of defect can be overcome by raising the mould wall 
temperature and prolonging the injection stroke. This results 
in the surface of the moulding staying molten and pliable for 
longer thus allowing prolonged feeding of the core and controlled 
sinking.
15
2.2. MICROSTRUCTURE
2.2.1. Polypropylene
Polypropylene is a polyolefin which can be produced in 
isotactic, syndiotactic, or atactic form. The crystallisability 
of isotactic polypropylene makes it the predominant form to hold 
properties of commercial interest.
Isotactic polypropylene is essentially a linear, semi­
crystalline polymer, with a melting point of 165°C. 
Polypropylene crystallizes with a helical configuration in which 
alternate chain bonds take trans and gauche positions. The helix 
has exactly three units per turn. The crystals nucleate and grow 
as the temperature drops in the mould: thus direction of heat 
flow is likely to influence the crystal morphology. The 
molecular weight of the polypropylene will strongly influence the 
final extent of crystallinity, and, in the presence of unmelted 
crystallites or impurities acting as nucleating sites, will alter 
the crystal size. Furthermore, the mould wall itself can provide 
additional nucleation sites for crystal growth, as, in a 
composite, do fibre surfaces.
The poor thermal conductivity of unreinforced polymers 
influences the cooling rates and gradients within the moulding, 
particularly in the core. This produces the skin-core molecular 
orientation observed by Schmidt11, and discussed in the previous 
section.
Investigations conducted by Bowman et al24 into the 
relationship between processing conditions, microstructure and
16
mechanical properties of injection moulded semi-crystalline 
thermoplastics showed the existence of a strong correlation 
between microstructure, crystalline texture and processing 
conditions.
In the process of melting during fabrication there will 
inevitably be some level of degradation occurring to the molten 
polymer, due to oxidation with the atmosphere. This is likely 
to affect the morphology of. the material as the molecules become 
shortened and different structurally.
2.2.2. Fibre Reinforced Polypropylene
Of the commonly used polyolefins, polypropylene has a 
significantly high crystalline melting point. Compared with 
other polymers, this property, combined with its low density, 
chemical and environmental stability, commercial availability, 
relative cost, and wide processing range make it the only 
polyolefin bulk polymer with any high temperature pretensions in 
common usage.
The introduction of fibres into the system affects the 
matrix microstructure, both by their presence and their influence 
on the surrounding matrix. To this a re  also added the 
microstructural changes resultant from the different processing 
conditions necessary for injecting fibre reinforced polymers. 
As previously discussed in section 2.1.2 the addition of glass 
fibre to the molten polymer will effect the melt viscosity and 
hence alter its rheological behaviour.
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The thermal conductivity of glass fibres is far greater than 
that of the surrounding matrix. Each individual fibre will act 
as a heat sink for its encompassing matrix and thus provide 
nucleation sites and a thermal gradient encouraging crystallite 
growth. Bless et al25 prepared nylon reinforced with carbon 
fibres using an in-situ polymerisation process. An epitaxial 
crystal growth of nylon on the surface of the fibres was
reported. This effect, sometimes referred to as
transcrystallinity, has been investigated further by Burton and 
Folkes . Using a hot stage microscope, they studied the 
solidification behaviour of a range of nylon compounds. 
Transcrystallinity was induced in fibre composites for which 
there was an epitaxial relationship between the fibre surfaces 
and nylon crystallites. Using polarised optical microscopy, it 
was found by Tan, Kitano and Hatakeyama27, that the nucleation 
of polypropylene started at the crossing point of two or more 
carbon fibres. Although carbon and Kevlar composites
demonstrated transcrystallinity, the phenomenon has not been 
observed in the glass filled composites, even when additional
nucleating agents are applied to the fibres. It is believed that
transcrystallinity is caused by a mismatch in the thermal 
coefficient of expansion between the matrix and the fibre. For 
systems with a high level of mismatch ,i.e carbon and Kevlar 
fibres in nylon, as the blend cools there is a thermal 
contraction mismatch at the fibre-matrix interface which 
initiates transcrystalline nucleation. For systems which do not 
possess this mismatch, for example glass fibres in polypropylene 
or nylon, initiation does not occur. Thomason28 has
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demonstrated this effect by placing a glass fibre in molten 
polypropylene on a hot stage microscope. Nucleation will not 
initiate until the fibre is physically drawn a small distance 
through the melt. The friction at the interface induces 
transcrystalline growth instantaneously.
Observing transcrystallinity on a hot stage microscope will 
not represent the true crystallographic nucleation and growth 
processes going on within a mould because the massive flow found 
therein is not represented. This may affect the level of 
transcrystallinity in two ways: firstly, by affecting nucleation 
at the fibre surface; and secondly, by influencing nucleation in 
the matrix. Maxwell et al29 showed that flow actually 
increases the rate of nucleation in a polymer. This would impede 
transcrystalline growth due to the competing spherulite growth 
in the matrix.
Investigating the effect of processing variables on the 
microstructure of injection moulded short fibre reinforced 
polypropylene, Singh and Kamal17 observed that the crystalline 
structure of the injection moulded parts change from the skin to 
the core. This is due to the thermo-mechanical history 
experienced in each region. Crystalline orientation is low, with 
a maximum near the skin and random or slightly transverse 
orientation in the core.
2.2.3. Rubber Particle Dispersion
Another type of composite is the polymer "alloy". Two 
polymers of marginal compatibility and widely differing moduli
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will act in a similar manner to glass and polymer, ie having a 
rigid, load-bearing element and at the same time a softer, 
energy-absorbing element.
Rubber is dispersed in the polymer during extrusion 
compounding. In long time-scale tests such as ordinary tensile 
testing, the rigidity and strength of pure base polymer a re  only 
reduced by a proportion exemplified by the simple rule of 
mixtures approximation. However, in a rapid test, such as the 
Izod impact test, the rubbery portion will deform, absorbing much 
more energy than the more rigid polypropylene matrix.
The ability of the rubber to toughen the polypropylene 
effectively is governed by a number of factors as described by 
Hobbs et al30:
i) Rubber concentration;
ii) Size and dispersion of rubber particles;
iii) Level of interfacial adhesion;
iv) Inherent matrix ductility;
v) Shear modulus of the rubber;
vi) Glass transition of the rubber;
vii) Craze initiation stress and shear yield 
stress of the matrix.
In a theoretical evaluation, the stress distribution inside 
a spherical inclusion embedded in an otherwise homogeneous matrix 
was discussed by Liu and Nauman31 . They concluded that the 
need for strong interfacial bonding depends on the stiffness 
ratio of the constituents. Stress calculations inside a soft 
inclusion, (simulating rubber) show that Van der Waals adhesion
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can be sufficient to relieve the high localized stresses in the 
matrix. Therefore the soft inclusion acts as yield initiator as 
well as crack arrestor.
Coppola et al32 used an etching technique to remove the 
rubber from the matrix. By measuring the remnant holes they were 
able to deduce the size of the original rubber particles. They 
concluded that the rubber particles were spherical in shape and 
had a narrow distribution of diameters, depending on the type of 
polypropylene matrix used. For polypropylene with melt viscosity 
close to that of rubber, the rubber spheres had diameters of 1 
micron, but for polypropylene with lower melt viscosity the 
diameters increased to around 4 microns.
Differential Interference Contrast Microscopy can reveal the 
size of a second phase and was used by Hodgkinson33 to confirm 
that the rubber particles within the polypropylene reside as 
spheres of diameter between 1 and 2 microns. He stated that as 
the level of rubber content is increased, the frequency of the 
rubber inclusions also increases, although their size does not 
appear to do so.
2.2.4. Fibre Length Distribution
Incorporation of fibres into a thermoplastic matrix such as 
polypropylene is achieved by glass and polymer being drawn into 
the screws of an extruder. The process involves large shear 
fields which result in fibre breakage due to tensile and bending 
stresses. Subsequent processing such as injection moulding leads 
to further attrition and degrees of alignment. Since the
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properties of composite materials are dependent on the 
distribution of fibre lengths and their orientation, it is 
important to monitor the fibre length and orientation 
distributions at all stages of processing and fabrication.
If glass is added to the base polymer as chopped fibres 
during extrusion, very little fibre breakage occurs prior to the 
polymer melting. If the fibre is added as a continuous roving, 
a large proportion of fibre attrition occurs in the early flights 
of the screw before the polymer becomes molten. Barring early 
attrition of continuous fibres, the majority of fibre attrition 
occurs in the compression zone of the extruder where the molten 
polymer is subject to highest shear (Lunt and Shortall3). 
Further fibre length degradation is incurred during the injection 
stroke of the moulding cycle. The extent of fibre breakage 
during flow through constricted gates and runners will depend 
upon the forces associated with the injection stroke, the matrix 
material rheology and the filler loading. This effect was 
studied by Schweitzer34 using polypropylene and polyester 
matrices. He concluded that the level of fibre attrition was 
highly dependant upon the shear strength of the polymer.
A number of methods have been used to determine individual 
fibre lengths and the length distributions within a composite. 
They can be classified broadly into indirect and direct methods. 
The indirect methods involve the measurement of some physical 
property of the composite, which is dependent upon the fibre 
length, such as strength or modulus. This is an imprecise and 
unsatisfactory approach, although it maintains some value in 
quality control. In direct methods, the lengths of all the
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f i b r e s  i n  a  g i v e n  v o lu m e  a r e  m e a s u r e d .  The v e r y  w id e  
d i s t r i b u t i o n  o f  l e n g t h s  a n d  t h e  l a r g e  n um ber o f  m e a s u r e m e n ts  
w h ic h  h a v e  t o  b e  made t o  o b t a i n  a  s t a t i s t i c a l l y  m e a n i n g f u l  r e s u l t  
make t h i s  a  d i f f i c u l t  t a s k .  F i r s t l y  t h e  f i b r e s  n e e d  t o  b e  
s e p a r a t e d  f ro m  t h e  m a t r i x  by  b u r n i n g  o f f  o r  d i s s o l v i n g  t h e  r e s i n .  
T h e r e  a r e  tw o m a in  a p p r o a c h e s  t o  t h e  m e a s u r e m e n t  s t a g e :  
d i s p e r s i o n  o f  t h e  f i b r e s  i n  a  lo w  v i s c o s i t y  l i q u i d  f o l l o w e d  by 
t h e  s e p a r a t i o n  o f  t h e  d i f f e r e n t  l e n g t h  f r a c t i o n s  on  a  s e r i e s  o f  
s i e v e s  ( L u n t  a n d  S h o r t a l l 3 ) ;  o r ,  d i r e c t  m e a s u re m e n t  o f  t h e  l e n g t h  
o f  e a c h  f i b r e  by  u s i n g  o p t i c a l  m i c r o s c o p e  a n d  p h o t o g r a p h i c  
t e c h n i q u e s .  The l a t t e r  m e th o d  o f f e r s  t h e  m o s t  a c c u r a t e  a n d  
s a t i s f a c t o r y  a p p r o a c h ,  b u t  i t  may b e  t e d i o u s  a n d  t i m e  c o n s u m in g .
S a w y e r 3 5  c o n s i d e r e d  t h e  u s e  o f  a u t o m a t i c  im a g e  a n a l y s i s  
t e c h n i q u e s  a n d  t h e  p o s s i b i l i t y  o f  a  m ore  r a p i d  e v a l u a t i o n  o f  
r e s u l t s .  A p r o b le m  t h a t  may a r i s e  w i t h  t h i s  t e c h n i q u e  i s  i f  t h e  
im a g e  a n a l y s e r  i s  u n a b l e  t o  d i s t i n g u i s h  b e tw e e n  t o u c h i n g  a n d  
a d j a c e n t  f i b r e s ;  a l s o  t h e  l a r g e  r a n g e  o f  f i b r e  l e n g t h s
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a s s o c i a t e d  w i t h  SFRTP may c a u s e  d i f f i c u l t i e s  d u e  t o  t h e  l i m i t e d  
s i z e  o f  t h e  v i d e o  im a g e .  H ow ever a d v a n c e d  c o m p u te r  p r o c e s s i n g  
a l l o w s  t o u c h i n g  a n d  a d j a c e n t  f i b r e s  t o  b e  d i g i t a l l y  s e p a r a t e d  a n d  
t h e n  m e a s u r e d  a c c u r a t e l y ,  J e n k i n s o n 35 .
2 . 2 . 5 .  F i b r e  O r i e n t a t i o n  D i s t r i b u t i o n
The o r i e n t a t i o n  d i s t r i b u t i o n  o f  s h o r t  f i b r e s  i n  i n j e c t i o n  
m o u ld e d  p r o d u c t s  r e q u i r e s  a  t h r e e - d i m e n s i o n a l  d e s c r i p t i o n  a n d  i s  
c o n s e q u e n t l y  c o m p le x  an d  d i f f i c u l t  t o  d e t e r m i n e .  The o r i e n t a t i o n
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o f  f i b r e s  c r o s s i n g  a  t h i n  s e c t i o n  o f  m a t r i x  m a t e r i a l  c a n  b e  
d e s c r i b e d  i n  tw o  w ay s :
i )  by  t h e  s u b t e n d e d  a n g l e s  o f  t h e  f i b r e s  t o  p r e d e f i n e d  
c a r t e s i a n  c o o r d i n a t e s ,  f i g u r e  2 . 1 ;
i i )  by  t h e  s h a p e  ( m a jo r  a n d  m in o r  a x e s )  a n d  t h e  o r i e n t a t i o n  
o f  t h e  e l l i p s e  p r o d u c e d  by  t h e  i n t e r s e c t i o n  o f  t h e  f i b r e  
w i t h  t h e  p l a n e - s i d e d  s u r f a c e  o f  t h e  s e c t i o n ,  f i g u r e  2 . 2 . 
I t  i s  a s su m e d  t h a t  t h e  f i b r e  h a s  a  c i r c u l a r  c r o s s -  
s e c t i o n  .
F o r  m e th o d  ( i )  Thomas a n d  M ey e r37, a n d  D a r l i n g t o n  a n d  
M c G in le y 3 8  d e t e r m i n e d  t h e  a n g l e s  e x p e r i m e n t a l l y  by  v i e w i n g  a 
t h i n  s e c t i o n  i n  t r a n s m i s s i o n  u s i n g  X - r a y  m i c r o r a d i o g r a p h y ;  
w h e r e a s  F o l k e s 1 4  u s e d  o p t i c a l  m i c r o s c o p y .  The f i b r e s ,  w h ic h  a r e  
o r i e n t e d  i n  t h r e e - d i m e n s i o n s  i n  t h e  t h i n  s e c t i o n ,  a p p e a r  a s  a  tw o 
d i m e n s i o n a l  a r r a y .  The f i r s t  a n g l e  c a n  b e  m e a s u r e d  d i r e c t l y  f ro m  
t h e  p h o t o g r a p h  a n d  t h e  s e c o n d  a n g l e  i s  o b t a i n e d  f ro m  t h e  
p r o j e c t e d  l e n g t h  o f  t h e  f i b r e  a n d  t h e  t h i c k n e s s  o f  t h e  t h i n  
s e c t i o n .
F o r  m e th o d  ( i i )  t h e  a n g l e  b e tw e e n  t h e  m a j o r  a x i s  o f  t h e  
e l l i p s e  a n d  t h e  r e f e r e n c e  a x i s  y  i s  a .  A n g le  f3 c a n  b e  d e t e r m i n e d  
f ro m  t h e  g e o m e t r y  o f  t h e  e l l i p s e  s i n c e :
3  = s i n " 1 ( b / a )  ( 2 . 1 )
w h e re  2b  i s  t h e  d i a m e t e r  o f  t h e  f i b r e  ( 2 r ) an d  2a i s  t h e  l e n g t h  
o f  t h e  m a j o r  a x i s  o f  t h e  e l l i p s e .  The v a l u e s  a ,  a a n d  b  c a n  b e  
d e t e r m i n e d  e x p e r i m e n t a l l y  f ro m  t h e  m e a s u r e m e n ts  on  o p t i c a l
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m i c r o g r a p h s  o f  p o l i s h e d  s e c t i o n s  c u t  f ro m  t h e  c o m p o s i t e  m a t e r i a l .  
T h i s  a r e a  o f  w ork  h a s  b e e n  e x t e n s i v e l y  s t u d i e d  by  Thomas a n d  
M ey e r37 . T h i s  t e c h n i q u e  d o e s  n o t  p r o v i d e  a n  a c c u r a t e  d e s c r i p t i o n  
f o r  f i b r e s  w i t h  a  s m a l l  a s p e c t  r a t i o .
A n o v e l  t e c h n i q u e  f o r  m e a s u r i n g  FOD h a s  b e e n  d e v e l o p e d  by  
McGee a n d  M c C u l lo u g h 39 . A n e g a t i v e  f i l m  i s  p r e p a r e d  f ro m  a  
r e f l e c t e d  l i g h t  m i c r o g r a p h  o f  t h e  p o l i s h e d  t h i n  s e c t i o n  o f  t h e  
s p e c i m e n .  A l a s e r  beam i s  t h e n  p a s s e d  t h r o u g h  t h e  n e g a t i v e  a n d  
t h e  f a r - f i e l d  ( F r a u n h o f e r )  d i f f r a c t i o n  p a t t e r n  i s  r e c o r d e d .  T h i s  
h a s  b r i g h t n e s s  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  o f  t h e  sum o f  t h e  
i n d i v i d u a l  f i b r e s  a n d  c a n  t h u s  b e  r e l a t e d  t o  t h e  p r o p o r t i o n  o f  
f i b r e s  a t  a n y  p a r t i c u l a r  a n g l e .
N e i t h e r  o f  t h e s e  m e th o d s  c h a r a c t e r i s e s  t h e  o r i e n t a t i o n  o f  t h e  
f i b r e s  f u l l y  b e c a u s e  t h e r e  a r e  tw o  p o s s i b l e  p o s i t i o n s  f o r  a  f i b r e  
h a v i n g  a n g l e s  a  a n d  /3. G r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  t h r e e -  
d i m e n s i o n a l  d i s t r i b u t i o n  c o r r e s p o n d i n g  t o  t h e  v a l u e s  o f  a l p h a  a n d  
b e t a  i s  r e q u i r e d .  B a r r e t t  a n d  M a s s a l s k i 4 0  d e v e l o p e d  o n e  o f  t h e  
m ore  s t r a i g h t f o r w a r d  m e th o d s ,  t h e  s t e r e o g r a p h i c  p r o j e c t i o n .  The 
v a l u e s  a  a n d  (3 a r e  p l o t t e d  on  a  p l a n a r  n e t  w i t h  e a c h  p o i n t  on  t h e  
n e t  r e p r e s e n t i n g  a  s i n g l e  f i b r e  o r i e n t a t i o n .  The p o p u l a t i o n  o f  
p o i n t s  c a n  t h e n  b e  m apped o u t  a s  r e g i o n s  o f  d i f f e r e n t  o r i e n t a t i o n  
d e n s i t i e s  i n  a  way a n a l o g o u s  t o  a  p o l e  f i g u r e  d i a g r a m  f o r  g r a i n  
o r i e n t a t i o n  i n  p o l y c r y s t a l l i n e  m e t a l s ,  f i g u r e  2 . 3 .  The m a in  
p r o b le m  w i t h  t h i s  a n d  o t h e r  s i m i l a r  t e c h n i q u e s ,  i s  t h e  l a r g e  
n u m b er  o f  f i b r e s  w h ic h  n e e d  t o  b e  s a m p le d  s o  a s  t o  b e  a n  a c c u r a t e  
r e p r e s e n t a t i o n  o f  t h e  w h o le .
D i g i t a l  p r o c e s s i n g  o f  im a g e s  h a s  b e e n  im p r o v e d  by  t h e  u s e  
o f  m a t h e m a t i c a l  t r a n s f o r m s  t o  d e t e c t  im ag e  f e a t u r e s  ( l i n e s  i n
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t h i s  c a s e ) . The F o u r i e r  t r a n s f o r m  m e th o d  h a s  b e e n  a p p l i e d  t o  
d e t e r m i n e  f i b r e  o r i e n t a t i o n  d i s t r i b u t i o n s 41' 42 . T h i s  m e th o d  
i s  e x t r e m e l y  a c c u r a t e  a s  a n  e s t i m a t o r  o f  FOD, b u t  c o n t a i n s  a  
g r e a t  d e a l  o f  a d d i t i o n a l  i n f o r m a t i o n  w h ic h  i s  n o t  r e q u i r e d  f o r  
t h e  p r e d i c t i o n  o f  e l a s t i c  p r o p e r t i e s .  The d i g i t a l  tw o -  
d i m e n s i o n a l  Hough t r a n s f o r m 4 3 , 4 4  o f f e r s  l e s s  d e t a i l e d  
i n f o r m a t i o n  a b o u t  t h e  f i b r e  e n s e m b l e ,  b u t  i s  f o r m u l a t e d  
p r i n c i p a l l y  t o  d e t e c t  s t r a i g h t  l i n e  s e g m e n t s .  T h u s ,  t h e  Hough 
t r a n s f o r m  o f f e r s  a  f a s t e r  a n d  m ore  d i r e c t  t e c h n i q u e .
2 . 2 . 6 .  T he  F i b r e - M a t r i x  I n t e r f a c e
The s t r u c t u r e  a n d  p r o p e r t i e s  o f  t h e  f i b r e - m a t r i x  i n t e r f a c e  
p l a y  a  m a j o r  r o l e  i n  t h e  m e c h a n i c a l  a n d  p h y s i c a l  p r o p e r t i e s  o f  
c o m p o s i t e  m a t e r i a l s .  I n  p a r t i c u l a r ,  t h e  l a r g e  d i f f e r e n c e s  i n  
e l a s t i c  p r o p e r t i e s  h a v e  t o  b e  acc o m m o d a te d  t h r o u g h  t h e  i n t e r f a c e  
a n d  t h u s  t h e  l o a d  i s  t r a n s f e r r e d  f ro m  t h e  m a t r i x  t o  t h e  f i b r e .  
The a b i l i t y  o f  t h e  i n t e r f a c e  t o  p e r f o r m  t h i s  t a s k  e f f e c t i v e l y  i s  
p a r a m o u n t  t o  s u c c e s s f u l  r e i n f o r c e m e n t .  F o r  a  s a t i s f a c t o r y  
t r a n s f e r  o f  s t r e s s  b e tw e e n  t h e  p o ly m e r  m a t r i x  a n d  t h e  f i b r e  
r e i n f o r c e m e n t ,  i t  i s  n e c e s s a r y  t h a t  s u f f i c i e n t  a d h e s i v e  s t r e n g t h  
i s  d e v e l o p e d  a l o n g  t h e  f i b r e - p o l y m e r  i n t e r f a c e .  A p o o r l y  b o n d e d  
r e g i o n  a t  t h e  i n t e r f a c e  w i l l  c a u s e  r u p t u r e  o f  t h e  i n t e r f a c e  a t  
a  v e r y  lo w  s h e a r  s t r e s s .  T h i s  d e b o n d e d  r e g i o n  w i l l  t h e n  s p r e a d  
a l o n g  t h e  i n t e r f a c e  u n t i l  t h e  w h o le  f i b r e  i s  s e p a r a t e d  f ro m  t h e  
m a t r i x .  A ro u n d  t h e  r e s u l t i n g  c a v i t y ,  h i g h  s t r e s s  c o n c e n t r a t i o n  
c a n  d e v e l o p  a n d  t h i s  w i l l  t e n d  t o  p r o m o te  o v e r a l l  f a i l u r e  o f  t h e  
s a m p l e .
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S u r f a c e  t r e a t m e n t s  t o  t h e  f i b r e ,  a n d  c h e m i c a l  m o d i f i c a t i o n  
o f  t h e  m a t r i x / i n t e r f a c e  ( e . g .  by  a d d i t i o n  o f  a  c o u p l i n g  a g e n t )  
c a n  p r o m o te  t h i s  a d h e s i v e  b o n d .  S i z e  i s  a p p l i e d  t o  t h e  s u r f a c e  
o f  t h e  g l a s s  f i b r e s  i m m e d i a t e l y  a f t e r  t h e y  h a v e  b e e n  d ra w n .  The 
s i z e  f u l f i l s  many f u n c t i o n s :
i )  I t  a c t s  a s  a  l u b r i c a n t .  The f i b r e s  t h e m s e l v e s  a r e  h i g h l y  
a b r a s i v e , a n d  when fo r m e d  i n t o  a  b u n d l e  o r  to w  t h e y  c o u l d  
e a s i l y  dam age  t h e  s u r f a c e  o f  e a c h  o t h e r .  S u c h  s u r f a c e  
a b r a s i o n s  r e d u c e  t h e  s t r e n g t h  o f  t h e  f i b r e s  d r a s t i c a l l y ;
i i )  I t  a c t s  a s  a  b i n d e r .  I t  i s  much e a s i e r  t o  h a n d l e  t h e  
f i b r e s  i n  t h e  fo rm  o f  a  b u n d l e ;
i i i )  I t  a l l o w s  f o r  a n  e l e c t r o s t a t i c  c o r r e c t i o n ;  %
i v )  I t  e n h a n c e s  t h e  i n t e r f a c i a l  b o n d .
F o r  g l a s s  f i b r e  c o m p o s i t e  s y s t e m s  t h e  c h e m i c a l  b o n d in g  
m e c h a n is m s  t h a t  i n v o l v e  s i l a n e  c o u p l i n g  a g e n t s  o r  o t h e r  
b i f u n c t i o n a l  m o l e c u l e s  a p p l y  g e n e r a l l y  t o  t h e r m o s e t t i n g  p o ly m e r  
m a t r i c e s .  T h i s  i s  b e c a u s e  t h e  o r g a n o - f u n c t i o n a l  g r o u p  i s  l o c k e d  
c h e m i c a l l y  i n t o  t h e  c r o s s - l i n k e d  s t r u c t u r e  o f  t h e  r e s i n  d u r i n g  
t h e  c h e m i c a l  c u r i n g  r e a c t i o n s  w h ic h  c h a n g e  t h e  r e s i n  f ro m  a  
l i q u i d  t o  a  r i g i d  s o l i d .  T h i s  t y p e  o f  c h e m i c a l  b o n d i n g  w i l l  n o t  
o c c u r  s o  r e a d i l y  i n  t h e  c a s e  o f  g l a s s  f i b r e s  i n t r o d u c e d  i n t o  
t h e r m o p l a s t i c  m a t r i c e s ,  b e c a u s e  t h e  m o l e c u l e s  a r e  a l r e a d y  
p o l y m e r i s e d  f u l l y .  H o w ev er ,  t h e  v i r g i n  f i b r e  w i l l  s t i l l  b e  
s u s c e p t i b l e  t o  w a t e r  p i c k  up  a n d  t o  a b r a s i v e  dam age  d u r i n g  
p r o c e s s i n g ,  m a k in g  i t  n e c e s s a r y  t o  a p p l y  a  p r o t e c t i v e  s i z e .  I t  
i s  a l s o  i m p o r t a n t  t h a t  t h e  s u r f a c e  i s  w e t t e d  o u t  f u l l y  by  t h e  
p l a s t i c  a n d  t h a t  i n t e r f a c i a l  b o n d in g  o c c u r s . The f i b r e s  a r e
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g i v e n  a  s i z e  t r e a t m e n t  w h ic h  i n c l u d e s  a  s i l a n e  c o u p l i n g  a g e n t  a n d  
a  f i l m  f o r m i n g  r e s i n .  T h i s  e n s u r e s  p r o t e c t i o n  f ro m  w a t e r  
d e g r a d a t i o n  a n d  dam age  d u r i n g  t h e  i n j e c t i o n  m o u ld in g  p r o c e s s e s .  
F o r  o t h e r  t h e r m o p l a s t i c  m a t r i c e s  i t  i s  p o s s i b l e  t o  o b t a i n  some 
c h e m i c a l  b o n d i n g  i f  t h e r e  a r e  r e a c t i v e  s i d e  g r o u p s  o n  t h e  p o ly m e r  
m o l e c u l e .
R e a c t i v i t y  c a n  b e  e n h a n c e d  by  " t a i l o r i n g "  a n  u n r e a c t i v e  
p o ly m e r  m o l e c u l e  s o  t h a t  i t  c o n t a i n s  s p e c i a l  f u n c t i o n a l  g r o u p s  
w h ic h  c a n  b o n d  w i t h  t h e  c o u p l i n g  a g e n t .  A n o th e r  a p p r o a c h  i s  t o  
i n c l u d e  c h e m i c a l s  i n  t h e  s i z e  w h ic h  i n d u c e  l o c a l  c h a i n  s c i s s i o n  
o f  t h e  m o l e c u l e s  n e a r  t h e  f i b r e  a n d  a l l o w  c h e m i c a l  r e a c t i o n s  t o  
e n s u r e  c o u p l i n g  o c c u r s  d i r e c t l y  i n t o  t h e  m o l e c u l e .
The a d d i t i o n  o f  a c r y l i c  a c i d  t o  p o l y p r o p y l e n e  im p r o v e s  t h e  
a d h e s i o n  b e tw e e n  t h e  m a t r i x  a n d  t h e  f i b r e s .  The p r o p e r t i e s  o f  
t h e  m o d i f i e d  p o l y p r o p y l e n e  w e re  c o m p a re d  w i t h  a  p l a i n  
p o l y p r o p y l e n e  m a t r i x  by  A v e l l a 45 . I t  was f o u n d  t h a t  f o r  
s i m i l a r  g l a s s - f i b r e  c o n t e n t s  a  b e t t e r  v a l u e  o f  t h e  e l o n g a t i o n  a t  
b r e a k  a n d  s u p e r i o r  c r e e p  b e h a v i o u r  a r e  o b s e r v e d  i n  t h e  r e i n f o r c e d  
b l e n d s  h a v i n g  t h e  a c r y l i c  a c i d  m o d i f i e d  p o l y p r o p y l e n e  m a t r i x  t h a n  
t h o s e  w i t h  t h e  p u r e  p o l y p r o p y l e n e .
The e f f e c t  o f  t h e  s i l a n e  c o u p l i n g  a g e n t  o n  t h e  m o rp h o lo g y  
a n d  f r a c t u r e  p e r f o r m a n c e  o f  p a r t i c u l a t e  g l a s s - f i l l e d  
p o l y p r o p y l e n e  was i n v e s t i g a t e d  by  D e n a u l t  a n d  V u -K hanh46 . 
O p t i c a l  m i c r o s c o p y  r e v e a l e d  t h a t  e v e n  a t  low  c o n c e n t r a t i o n s  t h e  
s i l a n e  a l t e r s  t h e  m a t r i x  m o rp h o lo g y  by i n d u c i n g  n u c l e a t i o n  a t  t h e  
f i l l e r - m a t r i x  i n t e r f a c e . T h i s  was fo u n d  t o  i n f l u e n c e  t h e  
f r a c t u r e  p e r f o r m a n c e .  S u b s e q u e n t  i n c r e a s e s  i n  s i l a n e
c o n c e n t r a t i o n  h a d  no  f u r t h e r  e f f e c t .  F u r t h e r m o r e ,  t h e  e f f e c t  o f
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t h e  c o u p l i n g  a g e n t  d e p e n d e d  on  c o n c e n t r a t i o n  o f  f i l l e r .  S i l a n e  
h a d  a  d e t r i m e n t a l  e f f e c t  a t  low  c o n c e n t r a t i o n s  o f  f i l l e r .  
H o w ev er ,  a t  h i g h  c o n c e n t r a t i o n s  o f  f i l l e r ,  a n  im p r o v e m e n t  i n  t h e  
f i l l e r - m a t r i x  a d h e s i o n  h a d  a  b e n e f i c i a l  e f f e c t  on  t h e  f r a c t u r e  
p e r f o r m a n c e .
2 . 2 . 7 .  Q u a n t i f y i n g  t h e  F i b r e - M a t r i x  I n t e r f a c e
I t  i s  u s e f u l  t o  b e  a b l e  t o  d e t e r m i n e  q u a n t i t a t i v e l y  t h e  
i n t e r f a c i a l  b o n d  s t r e n g t h ,  r 4 . O s t e n s i b l y  t h e  m o s t  d i r e c t  
t e c h n i q u e ,  p i o n e e r e d  by  F a v r e 47, i s  t h e  s i n g l e  f i b r e  p u l l - o u t  
t e s t .  I n  t h i s  t e s t  a  f i b r e  i s  em bedded  i n  a  v e r y  t h i n  r e s i n  
b u t t o n ,  a n d  t h e  f o r c e  r e q u i r e d  t o  i n i t i a t e  p u l l - o u t  i s  m e a s u r e d .  
C o n t r o l  o f  t h e  c o m p l i a n c e  o f  t h e  e x p e r i m e n t a l  s e t - u p  m akes  i t  
p o s s i b l e  t o  u s e  t h e  t e c h n i q u e  t o  d e t e r m i n e  t h e  f r i c t i o n a l  
p a r a m e t e r s  o f  t h e  p u l l - o u t  p r o c e s s  a f t e r  d e b o n d i n g ,  a s  w e l l  a s  
t h e  d e b o n d i n g  f o r c e .
I n  t h e  s i n g l e  f i b r e  ’ c o m p o s i t e '  t e s t ,  a  s i n g l e  f i b r e  i s  
em bedded  i n  a  b a r  o f  r e s i n  h a v i n g  a  b r e a k i n g  s t r a i n  som ew ha t 
g r e a t e r  t h a n  t h a t  o f  t h e  f i b r e .  When t h e  r e s i n  i s  s t r e s s e d  i n  
t e n s i o n ,  t h e  f i b r e  b r e a k s  i n t o  f r a g m e n t s .  When t h i s  p r o c e s s  i s  
t a k e n  t o  c o m p l e t i o n ,  t h e  f i b r e  h a s  b r o k e n  i n t o  a v e r a g e  l e n g t h s  
o f  a b o u t  $ l ct  w h e re  l c  i s  t h e  c r i t i c a l  l e n g t h ^1 X  F o r  any  
p a r t i c u l a r  c o m p o s i t e  s y s t e m  t h e  c r i t i c a l  f i b r e  l e n g t h  l c  i s  t h e  
maximum l e n g t h  a  u n i f o r m  f i b r e  c a n  b e  b u t  s t i l l  s u s t a i n  t h e  
maximum c o m p o s i t e  s t r a i n  w i t h o u t  i t s e l f  b r e a k i n g .  I f  i s
T he  c o n c e p t  o f  a  c r i t i c a l  l e n g t h  f i b r e  i s  d i s c u s s e d  i n  
d e t a i l  i n  s e c t i o n  2 . 3 . 1  w i t h  r e s p e c t  t o  t h e  m o d e ls  o f  
C ox , a n d  o f  K e l l y  a n d  T y s o n .
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a ss u m e d  t o  b e  c o n s t a n t  a l o n g  t h e  f i b r e  s u r f a c e ,  s i m p l e  a n a l y s i s  
l e a d s  t o :
l c  = a fu d /2 T i  ( 2 . 2 )
a n d  h e n c e  f o r  a  f i b r e  o f  s t r e n g t h  Ofu a n d  d i a m e t e r  d ,  t h e  
i n t e r f a c i a l  s h e a r  s t r e s s  r_£ c a n  b e  e s t i m a t e d .  The v a l u e  o f  Ofu 
a p p r o p r i a t e  t o  t h i s  t e s t  i s  much h i g h e r  t h a n  t h e  s t r e n g t h  
m e a s u r e d  o n  a  s u b s t a n t i a l  l e n g t h  o f  f i b r e .  The a p p r o p r i a t e  v a l u e  
i s  u s u a l l y  e s t a b l i s h e d  by  u s i n g  w eak l i n k  s c a l i n g  t o  d e t e r m i n e  
t h e  s t r e n g t h  o f  t h e  f i b r e s  o f  t h e  c r i t i c a l  l e n g t h .
Two o t h e r  m e th o d s  h a v e  b e e n  d e v e l o p e d  f o r  m e a s u r i n g  r_£. The 
m ic r o d e b o n d  t e c h n i q u e  u s e s  a  s m a l l  d r o p  o f  p o ly m e r  w h ic h  i s  
p l a c e d  o n  a  f i b r e ,  a n d  t h e  f o r c e  r e q u i r e d  t o  i n i t i a t e  s l i p  i s  
m e a s u r e d .  The m i c r o  c o m p r e s s i o n  t e c h n i q u e  u s e s  a  s m a l l  i n d e n t e r  
t o  p u s h  o n  t h e  e n d  o f  a  f i b r e  i n  a  p o l i s h e d  s u r f a c e  o f  t h e  
c o m p o s i t e .
P i g g o t t ^ 0  h a s  c r i t i c a l l y  r e v i e w e d  t h e  p r i n c i p l e s  
u n d e r l y i n g  t h e s e  t e s t s  an d  h a s  shown t h a t  t h e  d i f f e r e n t  t e s t s  a r e  
m e a s u r i n g  d i f f e r e n t  p r o p e r t i e s :
-  The s i n g l e  f i b r e  " c o m p o s i t e "  t e s t  g i v e s  m a i n l y  f r i c t i o n a l  
d a t a ,  b u t  d o e s  n o t  p e r m i t  t h e  s e p a r a t e  e s t i m a t i o n  o f  t h e  
c o e f f i c i e n t  o f  f r i c t i o n  a n d  t h e  i n t e r f a c e  p r e s s u r e  a r i s i n g  
f ro m  c u r e  a n d / o r  c o o l i n g  f ro m  t h e  m o u ld in g  t e m p e r a t u r e .  
S i n c e  w eak  i n t e r f a c e s  t e n d  t o  g i v e  low  c o e f f i c i e n t s  o f  
f r i c t i o n  t h e  t e s t  i s  e f f e c t i v e  i n  g i v i n g  c o m p a r a t i v e  
r e s u l t s ;
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-  T he m ic r o d e b o n d  t e s t  h a s  a l s o  p r o v e d  i t s e l f  u s e f u l  i n  
p r o v i d i n g  c o m p a r a t i v e  d a t a ?
-  The m i c r o c o m p r e s s i o n  t e s t  a l s o  g i v e s  u s e f u l  c o m p a r a t i v e  
d a t a ;
-  The s i n g l e  f i b r e  p u l l - o u t  t e s t  i s  c a p a b l e  o f  p r o v i d i n g  t h e  
m o s t  c o m p r e h e n s i v e  d a t a  s i n c e  i t  c a n ,  u n d e r  s u i t a b l e  
c o n d i t i o n s ,  g i v e  d e b o n d in g  e n e r g i e s ,  t o g e t h e r  w i t h  
f r i c t i o n a l  c o e f f i c i e n t s  a n d  s h r i n k a g e  p r e s s u r e s .  H o w ever , 
i t  i s  t h e  m o s t  d i f f i c u l t  t e s t  t o  c a r r y  o u t  s u c c e s s f u l l y ,  
a n d  i f  d e b o n d i n g  e n e r g y  i s  a f f e c t e d  by m a t r i x  p r e s s u r e ,  a s  
some e x p e r i m e n t s  s u g g e s t 49, t h e  e n e r g y  v a l u e s  o b t a i n e d  i n  
s i m p l e  t e s t s  w i t h  no  e x t e r n a l  p r e s s u r e  a p p l i e d  may n o t  
a l w a y s  b e  v a l i d .
B ow yer a n d  B a d e r 2 , R a m s t e i n e r  a n d  T h e y s o h n 5 0  a n d  M i t t a l
c 1
a n d  G u p ta J h a v e  a p p l i e d  t h e  a f o r e m e n t i o n e d  t e c h n i q u e s  t o  
c o m p o s i t e  s y s t e m s .  The f i r s t  tw o m e th o d s  a r e  b a s e d  o n  t h e  f i b r e  
p u l l - o u t  m o d e l  p r o d u c e d  by  K e l l y  a n d  T y so n  52 . B ow yer a n d  
B a d e r ' s  m e th o d  a l l o w s  t h e  d e t e r m i n a t i o n  o f  r  f ro m  s t u d i e s  on  a  
c o m p o s i t e  s a m p le  c o n t a i n i n g  d i s c o n t i n u o u s  f i b r e s .  I t  i s  b a s e d  
on  t h e  a s s u m p t i o n  t h a t  r  i s  c o n s t a n t  a t  a l l  c o m p o s i t e  s t r a i n s .  
The m e th o d  s u g g e s t e d  by R a m s t e i n e r  a n d  T h e y s o n  i s  b a s e d  on  a  
l i n e a r  r e l a t i o n s h i p  b e tw e e n  t h e  s t r e n g t h  o f  t h e  c o m p o s i t e  a n d  t h e  
f i b r e  v o lu m e  f r a c t i o n .  I t  r e q u i r e s  t h e  m e a s u r e m e n t  o f  t h e  
s t r e n g t h s  o f  s a m p l e s  h a v i n g  w e l l - a l i g n e d  d i s c o n t i n u o u s  f i b r e s  
w i t h  d i f f e r e n t  v o lu m e  f r a c t i o n s  a n d  i s  t h e r e f o r e  n e c e s s a r i l y  t im e  
c o n s u m in g .  I n  M i t t a l  a n d  G u p t a ' s  w ork  t h e y  u s e  t h e
e x p e r i m e n t a l l y  d e t e r m i n e d  s t r e s s - s t r a i n  r e l a t i o n  o f  a  s i n g l e
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s a m p le  o f  t h e  c o m p o s i t e  w i t h  f i b r e s  a l i g n e d  a l o n g  t h e  l o a d  a x i s  
i n  o r d e r  t o  d e t e r m i n e  t  a t  f a i l u r e .  The m e th o d  t a k e s  i n t o  
a c c o u n t  t h e  v a r i a t i o n  o f  t h e  i n t e r f a c i a l  s h e a r  s t r e s s  d u r i n g  t h e  
d e f o r m a t i o n  p r o c e s s  a n d  c o n s e q u e n t l y  y i e l d s  v e r y  c o n s i s t e n t  
r e s u l t s  a t  a l l  v a l u e s  o f  t h e  c o m p o s i t e  s t r a i n .  I n  a  l a t e r  p i e c e  
o f  r e s e a r c h  by  t h e  sam e w o r k e r s 5 3  tw o  m e th o d s  w e re  d e v e l o p e d  t o  
d e t e r m i n e  t h e  e f f e c t  o f  o r i e n t a t i o n  on  t h e  i n t e r f a c i a l  s h e a r  
s t r e s s  i n  w e l l  a l i g n e d  s h o r t  g l a s s  f i b r e  r e i n f o r c e d  
p o l y p r o p y l e n e .  The s t u d y  c o n f i r m e d  t h a t  t h e  i n t e r f a c i a l  s h e a r  
s t r e s s  v a r i e s  l i n e a r l y  w i t h  t h e  t e n s i l e  s t r e s s  on  t h e  s p e c im e n .  
T h i s  a s s u m p t i o n  i s  m ore  c o n s i s t e n t  t h a n  t h a t  o f  B ow yer a n d  
B a d e r 2 , n a m e ly  t h a t  t h e  s h e a r  s t r e s s  i s  c o n s t a n t  f o r  a l l  s t r a i n s .  
I t  w as a l s o  d e m o n s t r a t e d  t h a t  t h e  l o a d  t r a n s f e r  f ro m  m a t r i x  t o  
t h e  f i b r e s  i n  s h o r t - f i b r e  r e i n f o r c e d  t h e r m o p l a s t i c s  i s  
c h a r a c t e r i s e d  by  a  s i n g l e  p a r a m e t e r  w h ic h  v a r i e s  l i t t l e  w i t h  
f i b r e  i n c l i n a t i o n  t o  t h e  l o a d  a x i s .  The i n t e r f a c i a l  s h e a r  s t r e s s  
v a r i e d  b e tw e e n  2MPa (4 5 ° )  a n d  9MPa (0 ° )  a t  0 . 0 1 s ,  a n d  3MPa (4 5 ° )  
a n d  1 4MPa ( 0 ° )  a t  0 . 0 2 s .
The m o d e ls  o f  B ow yer a n d  B a d e r ,  a n d  Cox54, h a v e  b e e n  
f u r t h e r  d e v e l o p e d  by  G u p ta  e t  a l 5 5  t o  p r e d i c t  t h i s  i n t e r f a c i a l  
s h e a r  s t r e s s  b e h a v i o u r .  Up t o  a  c o m p o s i t e  s t r a i n  o f  0 .8% , r  
i n c r e a s e s  l i n e a r l y  w i t h  c o m p o s i t e  s t r a i n  f o r  b o t h  m o d e l s .  A t 
h i g h e r  s t r a i n s ,  h o w e v e r ,  t h e  r a t e  o f  i n c r e a s e  i s  s m a l l e r  f o r  t h e  
B ow yer a n d  B a d e r  m o d e l .  T h i s  i s  a t t r i b u t e d  t o  t h e  n o n l i n e a r  
b e h a v i o u r  o f  t h e  m a t r i x .  A t s m a l l  s t r a i n s ,  when b o t h  t h e  f i b r e  
a n d  t h e  m a t r i x  may b e  a s su m e d  t o  b e  e l a s t i c ,  t h e  d e f o r m a t i o n  i n  
t h e  m a t r i x  i s  r e l a t i v e l y  l a r g e  a n d  t h u s  c a u s e s  t h e  s h e a r  s t r e s s  
t o  d e v e l o p  a t  t h e  p o l y m e r - f i b r e  i n t e r f a c e .  W ith  i n c r e a s i n g
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c o m p o s i t e  s t r a i n  w i t h i n  t h e  e l a s t i c  l i m i t  o f  t h e  m a t r i x ,  t h i s  
d e f o r m a t i o n  d i f f e r e n c e  g o e s  on  i n c r e a s i n g  l i n e a r l y  a n d  t h u s  t h e  
i n t e r f a c i a l  s h e a r  s t r e s s  i s  a l s o  l i n e a r .  A t l a r g e r  s t r a i n s ,  t h e  
m a t r i x  c a n  b e g i n  t o  f l o w  a n d  c o n s e q u e n t l y  l o s e s  i t s  c a p a b i l i t y  
t o  t r a n s f e r  t h e  s t r e s s  t o  t h e  f i b r e .  T h e r e f o r e  t h e  a c t u a l  v a l u e  
o f  t h e  i n t e r f a c i a l  s h e a r  s t r e s s  a t  l a r g e  s t r a i n s  i s  l e s s  t h a n  
t h a t  p r e d i c t e d  by t h e  m o d e l  o f  Cox w h ic h  a s s u m e s  t h e  m a t r i x  t o  
b e  e l a s t i c  a n d  t h e  b o n d  p e r f e c t .
T r a d i t i o n a l  f i b r e  d e b o n d i n g  t h e o r i e s  up o n  w h ic h  t h e  f i b r e  
p u l l - o u t  t e s t  i s  b a s e d  may o n l y  b e  a p p l i c a b l e  t o  c e r t a i n  s y s t e m s . 
L eung  a n d  L i 5 6  c o n s i d e r  t h a t  c l a s s i c a l  d e b o n d in g  f ro m  t h e  
l o a d i n g  e n d  o f  t h e  f i b r e  o n l y  ( f i g u r e  2 . 4 )  i s  a p p l i c a b l e  t o  
c o m p o s i t e s  w i t h  dow f i b r e  v o lu m e  f r a c t i o n ,  low  f i b r e / m a t r i x  
m o d u l i  r a t i o  an d  h i g h  i n t e r f a c i a l  s t r e n g t h / i n t e r f a c i a l  f r i c t i o n  
r a t i o .  F o r  o t h e r  c a s e s ;  a  tw o -w ay  d e b o n d in g  t h e o r y  i s  p r o p o s e d  
w h e re  t h e  f i b r e  n o t  o n l y  d e b o n d s  f ro m  t h e  l o a d e d  e n d ,  b u t  a l s o  
t h e  u n l o a d e d  e n d .  I n  a  s t r a i n e d  c o u p o n  c o n t a i n i n g  a n  em bedded  
d i s c o n t i n u o u s  f i b r e ,  h i g h  i n t e r f a c i a l  s h e a r  a t  t h e  f i b r e  e n d ,  
w h e re  t h e  s t r e s s  i s  z e r o ,  t r a n s f e r r i n g  l o a d  b a c k  i n t o  t h e  f i b r e  
may l e a d  t o  d e b o n d i n g .  I n  s u c h  a  c a s e  t h e  f i b r e  w i l l  d e b o n d  f ro m  
b o t h  e n d s .  U n d e r  s u c h  c o n d i t i o n s  p r e v i o u s  d e b o n d in g  t h e o r i e s  a r e  
no  l o n g e r  v a l i d .
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2 . 3 .  TENSILE MECHANICAL PROPERTIES
2 . 3 . 1 .  R e i n f o r c e m e n t  U s i n g  S h o r t  F i b r e
C a l c u l a t i n g  t h e  e l a s t i c  r e s p o n s e  o f  a  s h o r t  f i b r e  f i l l e d  
p o ly m e r  i s  r e l a t i v e l y  c o m p le x ,  d u e  t o  t h e  l a r g e  n u m b er  o f  
s t r u c t u r a l  v a r i a b l e s  p r e s e n t  a n d  t h e  d i f f i c u l t y  i n  d e t e r m i n i n g  
th em  a c c u r a t e l y .
Two o f  t h e  s i m p l e s t  m o d e ls  f o r  e l a s t i c  r e s p o n s e  f o r  
c o n t i n u o u s  f i b r e  l a m i n a  l e a d  t o  t h e  V o i g t  a n d  R e u s s  e q u a t i o n s ,  
f i g u r e  2 . 5 .  The V o i g t  e q u a t i o n  r e p r e s e n t s  a  w e l l - b o n d e d  l a m i n a  
w h e re  t h e r e  i s  a  c o n t i n u i t y  o f  s t r a i n  a t  t h e  i n t e r f a c e s  a n d  i s  
t r e a t e d  a s  a  p a r a l l e l  a r r a n g e m e n t  o f  s p r i n g s . The R e u s s  e q u a t i o n  
h a s  a  c o n t i n u i t y  o f  s t r e s s  a n d  i s  t r e a t e d  a s  a  s e r i e s  a r r a n g e m e n t  
o f  s p r i n g s .
R e s u l t i n g  e x p r e s s i o n s  f o r  t h e  l a m i n a  m o d u l i  a r e :
Ec -  Emvm + Ef v f ( V o i g t )  ( 2 . 3 )
1 /E C = Vf / E f + Vm/E ra ( R e u s s )  ( 2 . 4 )
w h e r e ;
Vm + Vf = 1 ( 2 . 5 )
Vm a n d  V f a r e  t h e  m a t r i x  a n d  f i b r e  v o lu m e  f r a c t i o n s  r e s p e c t i v e l y .
I n  a n  a l i g n e d  s h o r t  f i b r e  f i l l e d  c o m p o s i t e  w i t h  t h e  l o a d  
t r a n s m i t t e d  p a r a l l e l  t o  t h e  f i b r e s ,  t h e  m o d u lu s  w i l l  l i e  b e tw e e n  
t h e  b o u n d s  o f  t h e  V o i g t  ( u p p e r )  a n d  R e u s s  ( l o w e r )  e l e m e n t s .  The
e q u a t i o n s  may b e  m o d i f i e d  f u r t h e r  by  t h e  i n c l u s i o n  o f  a  l e n g t h
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c o r r e c t i o n  f a c t o r ,  q±r t o  a c c o u n t  f o r  t h e  l o w e r  e f f i c i e n c y  o f  
s h o r t  f i b r e  r e i n f o r c e m e n t .  The V o i g t  m o d e l  b e c o m e s :
Ec = UiEf Vf + Em(1 -V f ) ( 2 . 6 )
Cox5 4  d e r i v e d  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  r j j1
Hi * 1 -  ( t a n h  ( 3 1 / 2 ) / ( 0 1 / 2 )  ( 2 . 7 )
1/2
 + 2  I  ( 2 . 8 )
E f r 2l n ( R / r )  J
f.3 e x p r e s s e s  t h e  r a t e  o f  s t r e s s  b u i l d  f ro m  t h e  f i b r e  e n d s .  Gm i s  
t h e  s h e a r  m o d u lu s  o f  t h e  m a t r i x ,  r  i s  t h e  r a d i u s  o f  t h e  f i b r e ,  
a n d  R a p p r o x i m a t e s  t h e  i n t e r - f i b r e  s p a c i n g .  Cox d e r i v e d  t h i s  by 
a p p l y i n g  t h e  s o - c a l l e d  " s h e a r - l a g  a n a l y s i s "  t o  a  f i b r e  o f  l e n g t h  
1 em bedded  i n  a  m a t r i x  o f  l o w e r  m o d u lu s ,  f i g u r e  2 . 6 , w i t h  t h e  
a s s u m p t i o n s  t h a t :
i )  t h e  m a t r i x  a n d  t h e  f i b r e  b e h a v e  a s  e l a s t i c  m a t e r i a l s ;
i i )  t h e  b o n d  b e tw e e n  t h e  f i b r e  a n d  t h e  m a t r i x  i s  p e r f e c t ,  
w h ic h  i m p l i e s  t h a t  t h e r e  i s  n o  s t r a i n  d i s c o n t i n u i t y  
a c r o s s  t h e  i n t e r f a c e ;
i i i )  t h e  i n t e r f a c e  i s  i n f i n i t e s i m a l l y  t h i n ;  a n d
i v )  t h e  m a t r i x  c l o s e  t o  t h e  f i b r e  h a s  t h e  sam e p r o p e r t i e s  a s  
t h e  m a t r i x  i n  t h e  b u l k  f o r m .
I f  t h e  f i b r e  i s  w e l l  b o n d e d  t o  t h e  m a t r i x ,  a n  a p p l i e d  s t r e s s  
on  t h e  c o m p o s i t e  w i l l  b e  t r a n s f e r r e d  t o  t h e  f i b r e  v i a  t h e  
f i b r e \ m a t r i x  i n t e r f a c e ,  a s  r e p r e s e n t e d  i n  f i g u r e  2 . 7 .  The f i b r e  
w i l l  c a r r y  t h e  maximum l o a d  a t  t h e  c e n t r e  o f  i t s  l e n g t h  a n d  z e r o
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l o a d  a t  t h e  f i b r e  e n d s  w h e re  t h e  s h e a r  s t r e s s  i s  a t  a  maximum. 
T h i s  s h e a r - l a g  a n a l y s i s ,  a s  p r o p o s e d  by  Cox, sho w ed  t h a t  f o r  a n  
a p p l i e d  s t r e s s  on  t h e  r e s i n  p a r a l l e l  t o  t h e  f i b r e  t h e  t e n s i l e  
s t r e s s  a l o n g  t h e  f i b r e  i s  g i v e n  b y :
a = Ef e mn - c o s h B ( 1 / 2 - x ) > ( 2 . 9 )
c o s h  (31/2
R e g i o n s  a t  t h e  e n d s  o f  t h e  f i b r e s  c a r r y  l i t t l e  l o a d  a n d  s o  t h e  
r e i n f o r c i n g  e f f i c i e n c y  d e c r e a s e s  a s  t h e  a v e r a g e  f i b r e  l e n g t h  
d e c r e a s e s  b e c a u s e  a  g r e a t e r  p r o p o r t i o n  o f  t h e  t o t a l  f i b r e  l e n g t h  
i s  n o t  f u l l y  l o a d e d .
O t h e r  s i m i l a r  t h e o r i e s  o f  how t h e  l o a d  i s  s h e d  f ro m  t h e  
m a t r i x  i n t o  t h e  f i b r e  h a v e  b e e n  p r o p o s e d .  O u t w a t e r 5 7  s u g g e s t e d  
t h a t  t h e  s t r e s s  i n  t h e  f i b r e  w as d e p e n d e n t  u p o n  t h e  c o e f f i c i e n t  
o f  f r i c t i o n  b e tw e e n  t h e  f i b r e  a n d  t h e  m a t r i x  i n  a  l i n e a r  m a n n e r .  
K e l l y  a n d  T y s o n 5 2  p r o p o s e d  a  s h e a r - l a g  a n a l y s i s ,  b a s e d  u p o n  
t u n g s t e n  f i b r e s  i n  a  m e t a l  m a t r i x ,  r e l y i n g  u p o n  a  c o n s t a n t  
i n t e r f a c i a l  s h e a r  s t r e s s ,  w h e re  t h e  s t r e s s  i n  t h e  f i b r e  b u i l d s  
up  l i n e a r l y  f ro m  t h e  e n d  o f  t h e  f i b r e  t o  a  maximum v a l u e  a t  i t s  
c e n t r e ,  f i g u r e  2 . 8 .  I n  t h e i r  s y s t e m ,  t h e  m e t a l  m a t r i x  w o u ld  
e v e n t u a l l y  y i e l d  a r o u n d  t h e  f i b r e .  T h i s  c a n  b e  l i k e n e d  t o  
f r i c t i o n a l  s l i p p a g e  i n  a  p o ly m e r  m a t r i x .  The s t r a i n  i n  t h e  f i b r e  
a n d  t h e  m a t r i x  a r e  e q u a l ,  e x c e p t  o v e r  a  c h a r a c t e r i s t i c  l e n g t h  
known a s  t h e  s e m i - c r i t i c a l  t r a n s f e r  l e n g t h  l c / 2 .  T h i s  t e r m  may 
b e  d e s c r i b e d  by  a n  e x p r e s s i o n  w h ic h  i n c l u d e s  t h e  i n t e r f a c i a l  bon d  
s t r e n g t h ,  r ,  an d  t h e  f i b r e  s t r e n g t h .  S i n c e  t h e  s t r e s s  i s  
t r a n s f e r r e d  f ro m  a  p l a s t i c a l l y  d e f o r m i n g  m a t r i x  t o  t h e  
c o n s t r a i n i n g  e l a s t i c  f i b r e s ,  i t  i s  a s su m e d  t h a t  f o r  a  f i b r e  t o
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b r e a k ,  t h e  s t r e s s  t r a n s f e r r e d  a c r o s s  t h e  i n t e r f a c e  m u s t  h a v e  
e x c e e d e d  t h e  f i b r e  t e n s i l e  s t r e n g t h .
I f :
x  = l c / 2  ( 2 . 1 5 )
t h e n ;
l c = 2 u f-iXf ( 2 . 1 6 )
X
K e l l y  d e s c r i b e d  t h e  c r i t i c a l  l e n g t h  a s  t h e  minimum l e n g t h  
o f  f i b r e  r e q u i r e d  t o  a t t a i n  t h e  u l t i m a t e  f i b r e  s t r a i n .
I t  h a s  r e c e n t l y  b e e n  shown by G a l i o t i s  e t  a l 5 8  t h a t  t h e  
s t r a i n  a t  t h e  s u r f a c e  o f  t h e  f i b r e  c a n  b e  m e a s u r e d  by  u s e  o f  
Raman s p e c t r o s c o p y .  T h i s  t e c h n i q u e  h a s  d e m o n s t r a t e d  t h a t  t h e  Cox 
m o d e l g i v e s  t h e  m ore  a c c u r a t e  p r e d i c t i o n  o f  t h e  s t r e s s  c a r r i e d  
by  t h e  f i b r e  i n  a  s h o r t  f i b r e  c o m p o s i t e .  T h i s  l a t e s t  w o rk  h a s  
a l s o  show n t h a t  t h e  f i b r e  e n d s  c a r r y  l o a d  b e c a u s e  t h e  e n d  f a c e s  
o f  t h e  f i b r e s  a r e  b o n d e d  t o  t h e  m a t r i x .  F u k u d a  a n d  Chou 5 9  h a v e  
d e v e l o p e d  a n  a n a l y s i s  b a s e d  o n  t h e  s h e a r - l a g  t h e o r y  t a k i n g  t h e  
l o a d  t r a n s f e r  a t  t h e  f i b r e  e n d s  i n t o  c o n s i d e r a t i o n ,  w h ic h  t h e y  
c o n c l u d e  i s  m ore  i m p o r t a n t  i n  t h e  e a r l y  s t a g e s  o f  l o a d i n g .
The maximum p o s s i b l e  v a l u e  o f  t h e  s t r a i n  i n  t h e  f i b r e  i s  t h e  
s t r a i n  a p p l i e d  t o  t h e  c o m p o s i t e  m a t e r i a l  a s  a  w h o le  s o  t h a t  t h e  
maximum s t r e s s  i n  t h e  f i b r e  i s  s E f .  A c c o r d i n g  t o  t h e  Cox m o d e l  
t h i s  i s  n e v e r  a c h i e v e d ,  b u t  v e r y  c l o s e l y  a p p r o a c h e d  i n  l o n g  
f i b r e s .  To a p p r o x i m a t e  t h i s  maximum s t r e s s  t h e  f i b r e  l e n g t h  m u s t  
b e  g r e a t e r  t h a n  a  c r i t i c a l  v a l u e  l c . K e l l y  a n d  T y s o n 5 2  p r o p o s e d  
t h a t  f o r  f i b r e s  l o n g e r  t h a n  l c  t h e  r e g i o n s  a t  t h e  e n d s  o f  t h e  
f i b r e  w h ic h  a r e  n o t  f u l l y  l o a d e d  h a v e  a  l e n g t h  ^ I c . The s t r e s s
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i n  t h e  f i b r e  o f  t h e  Cox m o d e l  n e v e r  a c t u a l l y  a c h i e v e s  t h e  maximum 
c o m p o s i t e  s t r e s s ,  h o w e v e r  f o r  f i b r e s  l o n g e r  t h a n  t h e  c r i t i c a l  
l e n g t h  i t  i s  v e r y  c l o s e l y  a p p r o a c h e d .  U s in g  t h e  K e l l y  m o d e l ,  t h e  
a n g u l a r  f i b r e  l o a d i n g  c u r v e  e x h i b i t s  a  c l e a r  p o i n t  s i g n i f y i n g  t h e  
t r a n s f e r  l e n g t h  o f  t h e  f i b r e .  The s m o o th e r  l o a d i n g  c u r v e  o f  t h e  
Cox m o d e l  h a s  no  s u c h  c l e a r l y  d e f i n e d  p o i n t .  F o r  s u c h  c a s e s  t h e  
c r i t i c a l  t r a n s f e r  l e n g t h  c a n  a r b i t r a r i l y  b e  t a k e n  a s  t h e  l e n g t h  
a t  w h ic h  90% o f  t h e  maximum l o a d  i s  s h e d  i n t o  t h e  f i b r e ,  f i g u r e  
2 . 9 .
An a l t e r n a t i v e  t o  e q u a t i o n  ( 2 . 6 ) ,  w h ic h  w as d e v e l o p e d  by  
H a l p i n 6 0  a s  a n  e x t e n s i o n  o f  t h e  H a l p i n - T s a i  e q u a t i o n s 61, 
e x p r e s s e s  t h e  l o n g i t u d i n a l  Y o u n g 's  m o d u lu s  a s :
Ec = Eml l ± £ n V fl  ( 2 . 1 0 )
O - n V f )
w h e r e ;
n = (Ef /E m)-1  . ( 2 . 1 1 )
(Ef /E m) +§
a n d ;
£ = f ( I / r )  ( 2 . 1 2 )
g  d e p e n d s  on  v a r i o u s  c h a r a c t e r i s t i c s  o f  t h e  r e i n f o r c i n g  
p h a s e  s u c h  a s  t h e  s h a p e  a n d  a s p e c t  r a t i o  o f  t h e  f i b r e s ,  p a c k i n g  
g e o m e t r y  a n d  r e g u l a r i t y ,  a n d  a l s o  on  l o a d i n g  c o n d i t i o n s  i . e ,  t h e  
s t r a i n  r a t e .  I t  i s  n e c e s s a r y  t o  d e t e r m i n e  f  e m p i r i c a l l y  by  
f i t t i n g  t h e  s t r e s s / s t r a i n  c u r v e s  t o  e x p e r i m e n t a l  r e s u l t s .
T he p r o p e r t i e s  o f  a n  a l i g n e d  f i b r e  c o m p o s i t e  d e p e n d  t o  a  
l a r g e  e x t e n t  u p o n  t h e  o r i e n t a t i o n  o f  t h e  f i b r e s  r e l a t i v e  t o  t h e  
a p p l i e d  s t r e s s .  As t h e  a n g l e  o f  l o a d i n g  i s  s h i f t e d  away f ro m  t h e  
f i b r e  o r i e n t a t i o n ,  t h e  i n t e r f a c i a l  a n d  m a t r i x  s h e a r  s t r e s s e s
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becom e m ore  i m p o r t a n t  b e c a u s e  t h e y  a r e  r e q u i r e d  t o  t r a n s f e r  
h i g h e r  s t r e s s e s  b e tw e e n  t h e  f i b r e s .
A n u m b er  o f  t h e o r i e s  h a v e  b e e n  u s e d  t o  p r e d i c t  t h e  v a r i a t i o n  
i n  c o m p o s i t e  m o d u lu s  w i t h  f i b r e  a n g l e .  T s a i 6 2  u s e d  e l a s t i c i t y  
t h e o r y  t o  s o l v e  e q u a t i o n s  f o r  c h a n g e s  i n  m o d u lu s  w i t h  f i b r e  
a n g l e ,  f i g u r e  2 . 1 0 .  Good e x p e r i m e n t a l  a g r e e m e n t  w as fo u n d  by 
Dimmock a n d  A b ra h am s63, who c o m p a re d  m e a s u r e d  m o d u l i  w i t h  t h e  
T s a i  p r e d i c t i o n s  u s i n g  c o n t i n u o u s  c a r b o n  a n d  g l a s s  f i b r e  
r e i n f o r c e d  e p o x y  r e s i n  c o m p o s i t e s .
F i b r e  o r i e n t a t i o n s  i n  s h o r t  f i b r e  r e i n f o r c e d  c o m p o s i t e s  a r e  
e x t r e m e l y  c o m p le x .  The f a b r i c a t i o n  r o u t e  g i v e s  r i s e  t o  f i b r e  
d i s p e r s i o n s  w h ic h  a r e  t h e m s e l v e s  d i f f i c u l t  t o  m e a s u r e  o r  p r e d i c t .  
F o r  t h i s  r e a s o n ,  p r e d i c t i v e  m e c h a n i c a l  p r o p e r t y  r e l a t i o n s h i p s  a r e  
g e n e r a l l y  i n a d e q u a t e  b e c a u s e  t h e  a s s u m p t i o n s  u p o n  w h ic h  t h e y  a r e  
b a s e d  a r e  o v e r s i m p l i f i e d .
W here t h e r e  i s  a  d i s t r i b u t i o n  o f  f i b r e  o r i e n t a t i o n s ,  t h e  
r e i n f o r c i n g  e f f i c i e n c y  o f  t h e  f i b r e s  i s  f u r t h e r  r e d u c e d  d u e  t o  
m i s a l i g n e d  f i b r e s .  K r e n c h e l 1 i n c l u d e d  a n  a d d i t i o n a l  t e r m  i n  t h e  
r u l e  o f  m i x t u r e s  e q u a t i o n  ( 2 . 3 )  t o  t a k e  t h i s  i n t o  a c c o u n t ,  t h u s :
E = n 0n i E f V f +Em( 1 - V f ) ( 2 . 1 3 )
w h e re  qQ i s  t h e  K r e n c h e l  o r i e n t a t i o n  f a c t o r .  The t e r m  qQ i s  
c a l c u l a t e d  f ro m  a  s u m m a tio n  o f  t h e  f i b r e  f r a c t i o n ,  a k , o r i e n t e d  
i n  a n g u l a r  i n c r e m e n t s  away f ro m  t h e  a p p l i e d  l o a d ,
r|Q = E a k . c o s 40 k (2.14)
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K r e n c h e l 1 h a s  c a l c u l a t e d  t)0 f o r  v a r i o u s  f i b r e  o r i e n t a t i o n  
d i s t r i b u t i o n s .  F o r  u n i d i r e c t i o n a l  l a m i n a e  rj0- 1 a n d  0 when t e s t e d  
p a r a l l e l  a n d  p e r p e n d i c u l a r  t o  t h e  f i b r e s  r e s p e c t i v e l y .  q0= 3 / 8  
f o r  i n - p l a n e  ran d o m  f i b r e  d i s t r i b u t i o n s  a n d  r70= 1 /5  f o r  t h r e e  
d i m e n s i o n a l  ran d o m  d i s t r i b u t i o n s .  The i n i t i a l  m o d u lu s  may b e  
p r e d i c t e d  a c c u r a t e l y  by  t h i s  t y p e  o f  r e l a t i o n s h i p .  H o w ev er ,  t h i s  
e x p r e s s i o n  o v e r l o o k s  f i b r e / f i b r e  i n t e r a c t i o n s  a n d  s t r e s s  
c o n c e n t r a t i o n s  w h ic h  i n d u c e  i n t e r f a c i a l  d e b o n d i n g .  I t  i s  
t h e r e f o r e  c l e a r l y  u n s a t i s f a c t o r y  a t  h i g h e r  s t r a i n s  a n d  f o r  
c o m p o s i t e s  c o n t a i n i n g  h i g h e r  f i b r e  c o n t e n t s .  F u r t h e r m o r e ,  i n  
SFRTPs a  u n i q u e  f i b r e  l e n g t h  i s  n o t  o b s e r v e d .  The r a n g e  o f  f i b r e  
l e n g t h s  o b s e r v e d  i n  a c t u a l  S F R T P 's  g i v e s  r i s e  t o  f i b r e s  o f  
d i f f e r e n t  l e n g t h s  s u s t a i n i n g  d i f f e r e n t  l o a d s .  To a c c o u n t  f o r  
t h i s ,  a n  i t e r a t i v e  s u m m a tio n  n e e d s  t o  b e  p e r f o r m e d  t o  a c c o u n t  f o r  
t h e  c o n t r i b u t i o n  o f  t h e  i n d i v i d u a l  f i b r e  l e n g t h  f r a c t i o n s  a t  t h e  
r e s p e c t i v e  c o m p o s i t e  s t r a i n s .
2 . 3 . 2 .  C o m p o s i te  S t r e n g t h  P r e d i c t i o n s
S t r e n g t h  p r o p e r t i e s  a r e  d i f f i c u l t  t o  m o d e l  b e c a u s e  f a i l u r e  
m odes a r e  i m p o r t a n t ,  a l t h o u g h  many a u t h o r s  h a v e  u s e d  a  s i m p l e  
r u l e  o f  m i x t u r e s  t o  p r e d i c t  c o m p o s i t e  s t r e n g t h s  64/ 65/ 66 . xn  
m an-m ade c o n t i n u o u s  f i b r e  c o m p o s i t e s  t h e  f i b r e s  u s u a l l y  f a i l  
f i r s t .  The l o a d  i s  t h e n  t r a n s f e r r e d  b a c k  i n t o  t h e  w e a k e r  m a t r i x .  
The m a t r i x  i s  u n a b l e  t o  s u s t a i n  t h e  w h o le  o f  t h e  a p p l i e d  l o a d  i f  
t h e r e  i s  a  r e a s o n a b l y  h i g h  f i b r e  v o lu m e  f r a c t i o n ,  Vf.  R a p id  
f a i l u r e  o f  t h e  c o m p o s i t e  e n s u e s .  I n  c o n t i n u o u s  r e i n f o r c e d
40
c o m p o s i t e s ,  t h i s  s i t u a t i o n  l e a d s  t o  a  u n i q u e  f a i l u r e  s t r e s s  o f  
t h e  c o m p o s i t e :
°uc  = ° u f  * v f + ° m * Yn ( 2 . 1 7 )
w h e re  i s  t h e  s t r e s s  i n  t h e  m a t r i x  a t  f i b r e  f a i l u r e  s t r e s s ,  
o uf .  I n  i t s  s i m p l e s t  fo rm  t h i s  a s s u m e s  a  u n i q u e  f i b r e  f a i l u r e  
s t r e s s .  H ow ever a l l  f i b r e s  c o n t a i n  w e a k e r  s e c t i o n s ,  a n d  i t  i s  
t h e s e  w eak r e g i o n s  t h a t  a r e  s t a t i s t i c a l l y  m ore  l i k e l y  t o  f a i l  
f i r s t .  W e i b u l l  s t a t i s t i c s  may b e  u s e d  t o  d e s c r i b e  t h e  
d i s t r i b u t i o n  o f  t h e s e  r e g i o n s  a n d  h e n c e  t h e  s t r e n g t h  o f  f i b r e s  
t h u s  m o d i f y i n g  e q u a t i o n  2 . 1 7 .
A t lo w  f i b r e  f r a c t i o n s ,  t h e  m a t r i x  m a t e r i a l  i s  w e a k e n e d  by 
t h e  p r e s e n c e  o f  t h e  f i b r e s .  I n  t h i s  i n s t a n c e ,  t h e  m a t r i x  may b e  
s t r a i n e d  s u f f i c i e n t l y  t o  c a u s e  f i b r e  b r e a k a g e ,  b u t  t h e  m a t r i x  
s t i l l  s t r o n g  e n o u g h  t o  s u p p o r t  t h e  a d d i t i o n a l  l o a d ,  s o  t h a t  t h e  
s t r e n g t h  i s  g o v e r n e d  by  t h e  m a t r i x ,  a ^ :
a uc = < W 1 -V f ) ( 2 . 1 8 )
The tw o  r e g i m e s  ( 2 .1 7  & 2 .1 8 )  g i v e  r i s e  t o  minimum c o m p o s i t e  
s t r e n g t h  when t h e s e  e x p r e s s i o n s  e q u a t e :
^m in =—2Urn—z—2^ ----  ( 2 . 1 9 )
° u f + ( c um-a i )
B elow  Vm^ n f i b r e  f a i l u r e  o c c u r s  b e lo w  t h e  m a t r i x  u l t i m a t e  
s t r e n g t h .  The w o r k - h a r d e n i n g  c a p a c i t y  o f  t h e  m a t r i x  t h e n
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d e t e r m i n e s  c o m p o s i t e  s t r e n g t h .  T h e r e  i s  g o o d  e x p e r i m e n t a l  
e v i d e n c e  f o r  j u s t i f i c a t i o n  o f  t h e s e  c o n c e p t s 64 .
The v a r i a t i o n s  o f  c o m p o s i t e  s t r e n g t h  w i t h  f i b r e  a n g l e  h a v e  
b e e n  t h e  o b j e c t  o f  much s t u d y 62' 6 3 ,6 4 . I f  t h e  s t r e n g t h s  o f  a
c o m p o s i t e  p a r a l l e l  w i t h  t h e  f i b r e s ,  ac , p e r p e n d i c u l a r  t o  t h e
f i b r e s ,  a n d  i n  s h e a r  p a r a l l e l  w i t h  t h e  f i b r e s ,  xc , a r e  a l l
know n, t h e r e  a r e  s e v e r a l  w ays o f  p r e d i c t i n g  t h e  s t r e n g t h  a s  a  
f u n c t i o n  o f  o r i e n t a t i o n .  The s i m p l e s t  i s  t h e  maximum s t r e s s  
t h e o r y  o f  S t o w e l l  a n d  L u i 67 . T h i s  m o d e l  d e f i n e s  t h r e e  m odes o f  
f a i l u r e  f o r  c o n t i n u o u s  f i b r e  r e i n f o r c e d  m a t e r i a l s .  The maximum 
s t r e s s  p e r m i t t e d  w i t h i n  e a c h c r i t e r i o n , Oq, i s  c h a r a c t e r i s e d  by 
t h e  t h r e e  e q u a t i o n s :
a Q = a cs e c 2 0  ( 2 . 2 0 )
f o r  f a i l u r e  c o n t r o l l e d  by  t e n s i l e  f a i l u r e  o f  t h e  f i b r e s ;
a 0  = 2 xc c o s e c 2 0  ( 2 . 2 1 )
f o r  f a i l u r e  c o n t r o l l e d  by  s h e a r  p a r a l l e l  w i t h  f i b r e s ;
cr@ = a t c o s e c 2 0  ( 2 . 2 2 )
f o r  t e n s i l e  f a i l u r e  n o r m a l  t o  t h e  f i b r e s .
The l o w e s t  o f  t h e s e  f a i l u r e  mode r e l a t i o n s h i p s  i s  l i k e l y  t o  
d o m i n a t e  t h e  c o m p o s i t e  f r a c t u r e  b e h a v i o u r .  Good e x p e r i m e n t a l  
a g r e e m e n t  h a s  b e e n  fo u n d  f o r  a  w id e  r a n g e  o f  m a t e r i a l s 62 .
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T s a i 6 2  h a s  shown t h a t  i n  some GRP m a t e r i a l s  a  s o  c a l l e d  
maximum d i s t o r t i o n  e n e r g y  t h e o r y  l o o s e l y  b a s e d  on  v o n  M i s e s 1 
y i e l d  c r i t e r i o n  f i t s  t h e  d a t a  m ore  c l o s e l y ,  t h e  v a r i a t i o n  o f  a Q 
w i t h  o r i e n t a t i o n  b e i n g :
1 / a §  = c o s 4 0 / a 2  + s i n 4 / a 2  + c o s 2 0 s i n 2© ( 1 / t 2 - 1 / o 2 ) ( 2 . 2 3 )
T h i s  i s  f r e q u e n t l y  r e f e r r e d  t o  a s  t h e  T s a i - H i l l  f a i l u r e  
c r i t e r i o n ,  a n d  i t s  a d v a n t a g e  o v e r  t h e  maximum s t r e s s  c r i t e r i o n  
i s  t h a t  i t  i s  a  c o n t i n u o u s  f u n c t i o n  r a t h e r  t h a n  t h e  l o w e r  b o u n d s  
o f  e q u a t i o n s  ( 2 . 2 0 ) t o  ( 2 . 2 2 ) ,  f i g u r e  2 . 1 1 .
S h o r t  f i b r e s  i n  a  c o m p o s i t e  c a n n o t  b e  d i r e c t l y  l o a d e d  a t  
t h e i r  e n d s  a l o n e .  The s t r e s s  i s  t r a n s m i t t e d  i n t o  th e m  by s h e a r  
f o r c e s  a t  t h e  f i b r e / m a t r i x  i n t e r f a c e  i n  a  m a n n e r  d e s c r i b e d  by  o n e  
o f  t h e  s h e a r - l a g  t h e o r i e s 5 2 ,5 4 . The l o a d  c a r r i e d  by  t h e  f i b r e  
b u i l d s  up  f ro m  t h e  f i b r e  e n d s  i n  a  m a n n e r  d e t e r m i n e d  by  t h e  s h e a r  
m o d u lu s  a n d  s h e a r  s t r e n g t h  o f  t h e  i n t e r f a c i a l  b o n d .  The 
i n t e r f a c i a l  s h e a r  m o d u lu s  d e t e r m i n e s  t h e  r a t e  a t  w h ic h  l o a d  c a n  
b e  t r a n s f e r r e d  i n t o  t h e  f i b r e  e l a s t i c a l l y .  I f  t h e  i n t e r f a c i a l  
s h e a r  m o d u lu s  i s  low  t h e n  t h e  r a t e  a t  w h ic h  l o a d  c a n  b e  s h e d  i n t o  
t h e  f i b r e  w i l l  b e  lo w .  The t r a n s f e r  a n d  c r i t i c a l  l e n g t h s  w i l l  
b e  l o n g ,  a n d  t h e  a v e r a g e  l o a d  c a r r i e d  by  t h e  f i b r e  w i l l  b e  l o w e r  
t h a n  f o r  a  s y s t e m  w i t h  a  h i g h e r  i n t e r f a c i a l  s h e a r  m o d u lu s .  The 
i n t e r f a c i a l  s h e a r  s t r e n g t h  d e t e r m i n e s  t h e  maximum l o a d  t h a t  c a n  
b e  t r a n s m i t t e d  i n t o  t h e  f i b r e .  I f  t h i s  i s  low  t h e n  a n  a d h e s i v e  
f a i l u r e  o f  t h e  i n t e r f a c e  w i l l  r e s u l t  b e f o r e  t h e  u l t i m a t e  t e n s i l e
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s t r e n g t h  o f  t h e  f i b r e  i s  a c h i e v e d ,  a g a i n  r e d u c i n g  t h e  e f f i c i e n c y  
o f  t h e  c o m p o s i t e .
The m ean l o a d  c a r r i e d  by  t h e  s h o r t  f i b r e s  w i l l  b e  l o w e r  t h a n  
t h a t  c a r r i e d  by  a  c o n t i n u o u s  f i b r e  i n  a  c o m p o s i t e  s t r a i n e d  t o  t h e  
sam e l e v e l  b e c a u s e  o f  t h e  l e s s  e f f i c i e n t  f i b r e  e n d s .  As t h e  
a v e r a g e  f i b r e  l e n g t h  b eco m es  s h o r t e r  t h e  c o n t r i b u t i o n  o f  t h e  
f i b r e  e n d s  w i l l  becom e m ore  d o m in a n t  a n d  t h e  a v e r a g e  l o a d  c a r r i e d  
by  e a c h  f i b r e  l e s s .
I f  t h e  f i b r e s  a r e  s h o r t e r  t h a n  t h e  c r i t i c a l  l e n g t h ,  l c , s o  
t h a t  t h e  l e n g t h  a v a i l a b l e  f o r  t r a n s f e r  i s  l e s s  t h a n  l c / 2 ,  t h e  
l e v e l  o f  s t r e s s  t h a t  c a n  b e  t r a n s f e r r e d  i n t o  t h e  f i b r e  w i l l  n e v e r  
r e a c h  t h e  f i b r e  f a i l u r e  s t r e s s  a n d  s u c h  s h o r t  f i b r e s  c a n  n e v e r  
b e  b r o k e n  by  l o a d i n g  t h e  c o m p o s i t e .  O n ly  when f i b r e s  h a v e  a  
t r a n s f e r  l e n g t h  o f  a t  l e a s t  h a l f  t h e  c r i t i c a l  l e n g t h  c a n  t h e  
maximum p o t e n t i a l  o f  t h e  r e i n f o r c e m e n t  b e  a p p r o a c h e d .  I f  a  
K e l l y - T y s o n  s h e a r - l a g  i n t e r f a c e  i s  a s s u m e d  t h e n  a  f i b r e  o f  l e n g t h  
l c  w i l l  c a r r y  a n  a v e r a g e  s t r e s s  o f  o n l y  au£/ 2 .  The maximum 
s t r e s s  t h a t  c a n  b e  a c h i e v e d  a t  t h e  m i d p o i n t  o f  t h e  f i b r e  l e n g t h  
i s  t h e  f i b r e  b r e a k i n g  s t r e s s .  The a v e r a g e  s t r e s s  i n  a  f i b r e  o f  
l e n g t h  2 1 c  w i l l  b e  0. 7 5 0 f ,  a n d  a  g e n e r a l  e x p r e s s i o n  f o r  t h e  
a v e r a g e  s t r e s s  i n  a  f i b r e  o f  l e n g t h  I ,  ( o ) £ , i s  t h u s :
(<3)f * a f ( 1 - l c / 2 l )  ( 2 . 2 4 )
The c o m p o s i t e  s t r e n g t h ,  c a l c u l a t e d  f ro m  t h e  r u l e  o f  m i x t u r e s ,  
b a s e d  on  t h e  a v e r a g e  t e n s i l e  s t r e s s  c a r r i e d  by t h e  s h o r t  f i b r e s  
a l l  o f  l e n g t h  1 ,  i s  t h e r e f o r e :
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°c = ° f v f ( 1 - 1 C /21) + (1- V f ) (2.25)
f o r  1 >1C, i g n o r i n g  s t a t i s t i c a l  v a r i a t i o n s  i n  t h e  f i b r e  s t r e n g t h .
When t h e  f i b r e s  a r e  s h o r t e r  t h a n  t h e  c r i t i c a l  l e n g t h  t h e y  
c a n n o t  b e  b r o k e n  by d i r e c t  t e n s i l e  s t r e s s  t r a n s f e r  f ro m  t h e  
m a t r i x .  The  a v e r a g e  t e n s i l e  s t r e s s  i n  a  f i b r e  i s  d e t e r m i n e d  f ro m  
a  f o r c e  e q u i l i b r i u m  b a l a n c e  o f  a n  em bedded  f i b r e  b e i n g  p u l l e d - o u t  
o f  a  m a t r i x ,  i l l u s t r a t e d  i n  f i g u r e  2 . 1 2 .  The maximum f i b r e  
t e n s i l e  f o r c e ,  ( o ) f . n d 2/ 4 ,  a c t i n g  a c r o s s  t h e  c e n t r e  p l a n e  i s  
b a l a n c e d  by  a n  i n t e r f a c i a l  f r i c t i o n a l  f o r c e  w h ic h  m u s t  e x c e e d  t h e  
f i b r e / r e s i n  i n t e r f a c i a l  b o n d  s t r e n g t h ,  r 4 , o r  t h e  m a t r i x  y i e l d  
s t r e s s ,  ~cmy ,  i f  a  f a i l u r e  o t h e r  t h a n  f i b r e  f r a c t u r e  i s  t o  o c c u r .  
L e t t i n g  t h e  l i m i t i n g  s h e a r  s t r e s s  s i m p l y  b e  r 4 ( i . e .  i n v o k i n g  t h e  
m ore  common mode o f  f a i l u r e ) ,  t h e  f o r c e  b a l a n c e  a t  f a i l u r e  w i l l  
b e :
f o r  (o ) f< c j f ,  a n d  t h e  a v e r a g e  f i b r e  t e n s i l e  s t r e s s ,  ( a )  £ , i s  
t h e r e f o r e :
The c o m p o s i t e  t e n s i l e  s t r e n g t h ,  f ro m  t h e  m i x t u r e  r u l e  a g a i n ,  i s  
t h e n  f o r  1< 1 C:
■ c ^ T t d l / 2  =  ( a ) f T i d 2 / 4 ( 2 . 2 6 )
( a ) f  = ( a ) f / 2  = i ^ l / d ( 2 . 2 7 )
a,c ( T i l / d j V f  + a mu(1 -V f ) ( 2 . 2 8 )
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w h e re  crmu i s  t h e  m a t r i x  u l t i m a t e  t e n s i l e  s t r e n g t h .  E q u a t i o n  
( 2 . 2 8 )  m akes  c l e a r  t h e  i m p o r t a n c e  o f  g o o d  f i b r e / m a t r i x  
i n t e r f a c i a l  b o n d in g  i f  r e a s o n a b l e  s t r e n g t h  l e v e l s  a r e  t o  b e  
o b t a i n e d  i n  s h o r t  f i b r e  c o m p o s i t e s .
F o r  i n j e c t i o n  m o u ld e d  c o m p o n e n ts  i t  i s  v e r y  d i f f i c u l t  t o  
p r e d i c t  s t r e n g t h s  on  t h e  b a s i s  o f  t h e  a b o v e  e q u a t i o n s .  R e g u l a r  
a r r a y s  o f  f i b r e s  h a v e  b e e n  a s s u m e d  i n  m o s t  o f  t h e  p r e v i o u s l y  
d i s c u s s e d  m i c r o - m o d e l s .  H o w ev er ,  r e g u l a r  a r r a y s  o f  f i b r e s  a r e  
s e ld o m  o b s e r v e d  i n  a c t u a l  c o m p o s i t e  m i c r o g r a p h s .  T h e r e  i s  a l s o  
a n  u n c e r t a i n t y  a b o u t  t h e  p a r a m e t e r s  an d  l c (w h ic h  a r e
d i f f i c u l t  t o  m e a s u r e  f o r  c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  r e a l  
c o m p o s i t e ) ,  a n d  a  l a c k  o f  k n o w le d g e  o f  t h e  e f f e c t s  o f  p r o c e s s i n g  
on  t h e  s t r e n g t h  o f  t h e  r e i n f o r c e m e n t .
W e t h e r h o l d 6 8  a c c o u n t e d  f o r  tw o  f u r t h e r  f i b r e  
p r o b a b i l i s t i c  a s p e c t s :  f i b r e  c r o s s o v e r  r e i n f o r c e m e n t ,  a n d  c r a c k  
g a p  b r i d g i n g  by  f i b r e s  b e f o r e  f r a c t u r e .  The f i b r e  c r o s s o v e r  
d e n s i t y  i s  p r o p o s e d  a s  a  m e a s u r e  o f  m u t u a l  f i b r e  s t r e n g t h e n i n g ,  
d u e  t o  p r o v i d i n g  l o c a l  r e i n f o r c e m e n t  f o r  s t r e s s e d  f i b r e s .  I t  i s  
p o s s i b l e  t o  h a v e  d i f f e r e n t  f i b r e  o r i e n t a t i o n s  w i t h  t h e  sam e 
e l a s t i c  p r o p e r t i e s  b u t  d i f f e r e n t  c r o s s o v e r  d e n s i t i e s ,  h e n c e  
d i f f e r e n t  s t r e n g t h s .  The d e n s i t y  o f  f i b r e  c r o s s o v e r s  w i l l  d e p e n d  
on  f i b r e  o r i e n t a t i o n ,  f i b r e  l e n g t h  a n d  n u m b er o f  f i b r e s .  
W e th e r h o ld  show s t h a t  t h e  c r o s s o v e r  d e n s i t y  i s  a  ran d o m  v a r i a b l e  
w h o se  a v e r a g e  i n c r e a s e s  r o u g h l y  a s  a  f u n c t i o n  o f  t h e  s q u a r e  o f  
t h e  f i b r e  l e n g t h ,  a n d  w h o se  c o e f f i c i e n t  o f  v a r i a t i o n  d e c r e a s e s  
w i t h  i n c r e a s i n g  f i b r e  l e n g t h .  The f r a c t u r e  m e c h a n ism  o f  f i b r e  
b r i d g i n g  m i c r o c r a c k s  i s  d e s c r i b e d  by  p r o b a b i l i s t i c  e x p r e s s i o n s  
f o r  f i b r e s  w h o se  l e n g t h  e x c e e d s  t h e  c r i t i c a l  l e n g t h  a p p r e c i a b l y .
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T h e s e  a d d i t i o n a l  f a c t o r s  g i v e  a  m ore  a c c u r a t e  r e p r e s e n t a t i o n  o f  
t h e  s t r e n g t h e n i n g  e f f e c t  o f  f i b r e s  i n  a  c o m p o s i t e  a t  h i g h  
s t r a i n s .
F u k u d a  a n d  C h o u ' s 6 9  c r i t i c a l  dam age z o n e  m o d e l  c o n s i d e r s  
t h e  d i s t r i b u t i o n  f u n c t i o n  o f  b o t h  t h e  f i b r e  o r i e n t a t i o n  a n d  t h e  
f i b r e  l e n g t h  a s  i t  v a r i e s  a l o n g  t h e  c o m p o s i t e .  T he w e a k e s t  
c r o s s - s e c t i o n  o f  t h e  c o m p o s i t e  i s  c o n s i d e r e d  t o  b e  a  z o n e  o f  
f i n i t e  t h i c k n e s s  w h e re  t h e  f i b r e s  e i t h e r  b r i d g e  t h e  z o n e  o r  h a v e  
b o t h  e n d s  i n  t h a t  z o n e .  The f i b r e  l e n g t h  a n d  o r i e n t a t i o n  
d i s t r i b u t i o n s  a r e  t h e n  u s e d  t o  f i n d  t h e  p r o b a b i l i t y  o f  an y  f i b r e  
b e i n g  a  b r i d g i n g  f i b r e .  The s t r e s s  t h a t  t h e  b r i d g i n g  f i b r e s  
s u s t a i n  c a n  b e  p r e d i c t e d  by  c o n s i d e r i n g  t h e  f i b r e  e f f e c t i v e n e s s  
f o r  a  p a r t i c u l a r  o r i e n t a t i o n ,  l e n g t h ,  a n d  c r i t i c a l  l e n g t h .  
F u k u d a  a n d  Chou c o n s i d e r  t h i s  v a l u e  t o  b e  r e p r e s e n t a t i v e  o f  
i n j e c t i o n  m o u ld e d  com pound s t r e n g t h .
2 . 3 . 3 .  S t r e s s - S t r a i n  R e s p o n s e
B a d e r  an d  B ow yer7 0  h a v e  a t t e m p t e d  t o  a c c o u n t  f o r  t h e  
e f f e c t  o f  dam age  t o  f i b r e s  d u r i n g  i n j e c t i o n  m o u ld in g  o f  
r e i n f o r c e d  t h e r m o p l a s t i c s  by  s t u d y i n g  t h e  f i b r e  l e n g t h  
d i s t r i b u t i o n s  i n  m o u l d i n g s . They u s e d  a  m a t h e m a t i c a l  m o d e l  i n  
w h ic h  c o n t r i b u t i o n s  t o  c o m p o s i t e  s t r e n g t h  f ro m  f i b r e s  o f  s u b -  
c r i t i c a l  a n d  s u p e r - c r i t i c a l  l e n g t h s  w e re  summed s e p a r a t e l y  o v e r  
t h e  e f f e c t i v e  r a n g e  o f  l e n g t h s .  B ow yer a n d  B a d e r  s u g g e s t e d  t h e  
f i n a l  e x p r e s s i o n  a s :
o c = n( X + Y  ) + Z (2.29)
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w h e r e ;
“ E ( s u b c r i t i c a l ) 'c3- i ^ i / ‘2 r f ( 2 . 3 0 )
X = S ( su p ar c r i t i c a l ) Ef e c ( 1 - { E f Ec r f / 2 l j T } ) V j ( 2 . 3 1 )
a n d ;
Z = Eme c < 1 -V f ) ( 2 . 3 2 )
w h e re  77 i s  a n  o r i e n t a t i o n  f a c t o r ;  a n d  Vj a r e  t h e  v o lu m e
s u b f r a c t i o n s  o f  f i b r e s  w i t h  l e n g t h s  a n d  l j ,  r e s p e c t i v e l y ,  Em 
i s  t h e  m a t r i x  m o d u lu s  a n d  Vf t h e  t o t a l  f i b r e  v o lu m e  f r a c t i o n  o f  
f i b r e .  I n  e q u a t i o n  ( 2 . 3 0 ) ,  t h e  s u m m a tio n  e x t e n d s  o v e r  a l l  f i b r e -  
l e n g t h  i n t e r v a l s  b e lo w  t h e  c r i t i c a l  l e n g t h  a n d  i n  e q u a t i o n  ( 2 . 3 1 )  
o v e r  a l l  i n t e r v a l s  a b o v e  t h e  c r i t i c a l  l e n g t h .
W h ile  a p p l y i n g  t h e  e q u a t i o n s  g i v e n  a b o v e ,  B ow yer a n d  B a d e r  
a s s u m e d  t h a t  t h e  v a l u e  o f  t h e  s h e a r  s t r e s s ,  r ,  i s  t h e  sam e a t  a l l  
v a l u e s  o f  t h e  c o m p o s i t e  s t r a i n ,  s c . The s e c o n d  a s s u m p t i o n  made 
by  th em  w as t h a t  t h e  K e l l y  a n d  T y so n  m o d e l  c a n  b e  a p p l i e d  a t  a l l  
f i b r e  o r i e n t a t i o n s  t o  t h e  l o a d  a x i s  by i n c o r p o r a t i n g  an  
o r i e n t a t i o n  f a c t o r ,  77, a n d  t h u s  a n  i m p e r f e c t l y  o r i e n t e d  s a m p le  
c a n  b e  a n a l y s e d  by  t h e i r  p r o c e d u r e  a n d  a  r e p r e s e n t a t i v e  v a l u e  o f  
77 o b t a i n e d .  I t  was l a t e r  shown by  M i t t a l  a n d  G u p ta 51 t h a t  t h e  
c o n s t a n c y  o f  r ,  p a r t i c u l a r l y  a t  lo w  v a l u e s  o f  s c , l e a d s  t o  w i d e l y  
v a r y i n g  v a l u e s  o f  77 f o r  t h e  sam e s a m p l e .
I n  c o n t r a s t  t o  B ow yer a n d  B a d e r ' s  p r o c e d u r e ,  R a m s t e i n e r  an d  
T h e y s o h n 5 0  u s e d  w e l l  c h a r a c t e r i s e d  a n d  a l i g n e d  c o m p o s i t e  s a m p l e s  
w i t h  f i b r e s  o r i e n t e d  a l o n g  t h e  l o a d  a x i s .  H ow ever, t h e y  a s s u m e d  
t h a t  t h e  v o lu m e  f r a c t i o n  o f  s u p e r c r i t i c a l  f i b r e s  was n e g l i g i b l e  
f o r  t h e i r  s a m p l e s  a n d  h e n c e  Y=0 i n  t h e  a b o v e  e q u a t i o n s .  The
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v a l u e  o f  t  was o b t a i n e d  f ro m  t h e  s l o p e  o f  c u r v e  b e tw e e n  t h e  
c o m p o s i t e  s t r e s s  a t  f a i l u r e  a n d  t h e  f i b r e  v o lu m e  f r a c t i o n .  From 
m a c r o m e c h a n ic a l  a n a l y s i s ,  R a m s t e i n e r  a n d  T h e y s o n  w e re  a b l e  t o  
c o r r e l a t e  t h e  s t i f f n e s s  a n d  s t r e n g t h  o f  a l i g n e d  f i b r e  s a m p l e s  
w i t h  d i f f e r e n t  o r i e n t a t i o n s  t o  t h e  l o a d  a x i s ,  a n d  sho w ed  g o o d  
a g r e e m e n t  w i t h  t h e  T s a i - H i l l  c r i t e r i a 71 .
M i t t a l  a n d  G u p ta 51 u s e d  a  s i m i l a r  m e th o d  b u t  d e v e l o p e d  a  
l i n e a r  r e l a t i o n s h i p  b e tw e e n  t h e  i n t e r f a c i a l  s h e a r  s t r e s s  a n d  t h e  
c o m p o s i t e  s t r e s s ,  i . e .  r =Koc . The p r i n c i p a l  c o n t r i b u t i o n  o f  t h e  
e q u a t i o n  t=Koc i s  t h e  p r o p e r  e v a l u a t i o n  o f  t h e  c r i t i c a l  l e n g t h  
d u r i n g  t h e  d e f o r m a t i o n  p r o c e s s .  The K e l l y  a n d  T y so n  d e f i n i t i o n
o f  t h e  c r i t i c a l  l e n g t h  c a n  now b e  w r i t t e n  a s :
/*
l c » (Ef r f s 0 )/Kcrc = (Ef r f /K ) . ( s 0 / o c ) ( 2 . 3 3 )
H ence  t h e  c r i t i c a l  l e n g t h  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s e c a n t  
m o d u lu s  o f  t h e  s t r e s s - s t r a i n  c u r v e  o f  w e l l - a l i g n e d  s h o r t  g l a s s  
f i b r e - r e i n f o r c e d  p o l y p r o p y l e n e  s a m p le  l o a d e d  i n  t e n s i o n  i n  t h e  
d i r e c t i o n  o f  t h e  f i b r e s .  On t h e  o t h e r  h a n d ,  a c c o r d i n g  t o  Bow yer 
a n d  B a d e r ' s  p r o c e d u r e ,  l c  i s  p r o p o r t i o n a l  t o  s c  s i n c e  r  i s  
c o n s t a n t .
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2.4. T O U G H N E S S
T y p i c a l  e n g i n e e r i n g  r e i n f o r c e d  p l a s t i c s  c o n s i s t  o f  b r i t t l e
c o n s t i t u e n t s ,  t h e  r e s u l t a n t  c o m p o s i t e  i s  s u r p r i s i n g l y  t o u g h .  An 
u n d e r s t a n d i n g  o f  how a  m a t e r i a l  w i l l  r e s p o n d  t o  a  d e f e c t  w i t h i n  
i t s  s t r u c t u r e  i s  e s s e n t i a l  t o  s u c c e s s f u l  s e r v i c e  l i f e .  F r a c t u r e  
m e c h a n ic s  i s  c o n c e r n e d  w i t h  t h e  p r o p a g a t i o n  o f  d e f e c t s  a n d  t h e  
a b i l i t y  o f  m a t e r i a l s  t o  a b s o r b  e n e r g y  d u r i n g  t h e  f r a c t u r e  
p r o c e s s .
2 . 4 . 1 .  L i n e a r  E l a s t i c  F r a c t u r e  M e c h a n ic s
The s u b j e c t  o f  f r a c t u r e  m e c h a n ic s  h a s  b e e n  d e v e l o p e d  f ro m  
t h e  b a s i c  c o n c e p t  o f  G r i f f i t h 72 . He c o n s i d e r e d  a n  i n f i n i t e  
p l a t e  o f  u n i t  t h i c k n e s s  c o n t a i n i n g  a  t h r o u g h  t h i c k n e s s  c r a c k ,  
s u b j e c t e d  t o  u n i f o r m  t e n s i l e  s t r e s s  ( a p p l i e d  a t  i n f i n i t y ) .  F o r  
t h e  c a s e  w h e re  no  w ork  i s  d o n e  by  e x t e r n a l  f o r c e s ,  ( t h e  s o - c a l l e d  
f i x e d  g r i p  c o n d i t i o n ) ,  t h e  i n t r o d u c t i o n  o f  t h e  c r a c k  d e c r e a s e s  
t h e  e l a s t i c  s t r a i n  e n e r g y  o f  t h e  p l a t e .  When t h e  e l a s t i c  e n e r g y  
r e l e a s e  d u e  t o  a  p o t e n t i a l  i n c r e m e n t  o f  c r a c k  g r o w th  o u t w e i g h s  
t h e  dem and f o r  s u r f a c e  e n e r g y  f o r  t h e  sam e c r a c k  g r o w t h ,  t h e  
c r a c k  w i l l  p r o p a g a t e  u n s t a b l y .  G r i f f i t h ' s  e n e r g y  b a l a n c e  f o r  
f r a c t u r e  g i v e s  t h e  f a i l u r e  s t r e s s  a s :
f i b r e s  i n  a  w eak b r i t t l e  m a t r i x .  D e s p i t e  t h e  b r i t t l e
1/2 (2.34)
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2y  i s  t h e  i n c r e a s e  i n  f r a c t u r e  s u r f a c e  e n e r g y  o w in g  t o  
i n f i n i t e s i m a l  c r a c k  g r o w t h .  The s t r a i n  e n e r g y  r e l e a s e  r a t e ,  G, 
i s  c l o s e l y  r e l a t e d  t o  2y  a n d  r e p r e s e n t s  t h e  e l a s t i c  e n e r g y  p e r  
u n i t  c r a c k  s u r f a c e  a r e a  t h a t  i s  a v a i l a b l e  f o r  i n f i n i t e s i m a l  c r a c k  
e x t e n s i o n .  P r o p a g a t i o n  o f  a  c r a c k  o c c u r s  when G r e a c h e s  a  
c r i t i c a l  v a l u e  Gc . I n  1948 I r w i n 7 3  s u g g e s t e d  t h a t  t h e  G r i f f i t h  
t h e o r y  f o r  i d e a l l y  b r i t t l e  m a t e r i a l s  c o u l d  b e  m o d i f i e d  a n d  
a p p l i e d  t o  b o t h  b r i t t l e  m a t e r i a l s  a n d  m e t a l s  t h a t  e x h i b i t  p l a s t i c  
d e f o r m a t i o n .  A s i m i l a r  m o d i f i c a t i o n  was p r o p o s e d  by  O row an74 . 
The m o d i f i c a t i o n  r e c o g n i s e d  t h a t  a  m a t e r i a l ' s  r e s i s t a n c e  t o  c r a c k  
e x t e n s i o n  i s  e q u a l  t o  t h e  sum o f  t h e  e l a s t i c  s u r f a c e  e n e r g y  a n d  
t h e  p l a s t i c  s t r a i n  w ork  a c c o m p a n y in g  c r a c k  e x t e n s i o n .  
C o n s e q u e n t l y ,  e q u a t i o n  ( 3 . 3 4 )  w as m o d i f i e d  t o :
Tt.a2a  = 2 ( ye +Yp) = Gc ( 3 . 3 5 )
E
F o r  r e l a t i v e l y  d u c t i l e  m a t e r i a l s  Yp>Ye r i*©* t h e  s u r f a c e  
e n e r g y  c a n  b e  n e g l e c t e d .  A l th o u g h  I r w i n ' s  m o d i f i c a t i o n  i n c l u d e s  
a  p l a s t i c  e n e r g y  t e r m ,  t h e  e n e r g y  b a l a n c e  a p p r o a c h  t o  c r a c k  
e x t e n s i o n  i s  s t i l l  l i m i t e d  t o  d e f i n i n g  t h e  c o n d i t i o n s  r e q u i r e d  
f o r  i n s t a b i l i t y  o f  a n  i d e a l l y  s h a r p  c r a c k .
I r w i n  l a t e r  w e n t  on  t o  d e v e l o p  t h e  s o  c a l l e d  " s t r e s s  
i n t e n s i t y "  a p p r o a c h  t o  f r a c t u r e .  U s in g  e l a s t i c  s t r e s s  a n a l y s i s  
h e  d e s c r i b e d  t h e  s t r e s s e s  i n  t h e  v i c i n i t y  o f  a  c r a c k  t i p  i n  a  
c y l i n d r i c a l  p o l a r  c o o r d i n a t e  s y s t e m  i n  t e r m s  o f  a  p a r a m e t e r ,  K, 
w h ic h  g o v e r n s  t h e  m a g n i tu d e  o f  t h e  e l a s t i c  s t r e s s  f i e l d .  I t  i s  
c a l l e d  t h e  s t r e s s  i n t e n s i t y  f a c t o r .
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T h e  g e n e r a l  f o r m  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  is g i v e n  by:
K = a ( r E . a ) 1//2. f  ( a /w )  ( 2 . 3 6 )
w h e re  f ( a / w )  i s  a  d i m e n s i o n a l  p a r a m e t e r  t h a t  d e p e n d s  on  t h e  
g e o m e t r y  o f  t h e  c r a c k e d  s p e c i m e n .
I r w i n  t h e n  d e m o n s t r a t e d  t h a t  i f  a  c r a c k  i s  e x t e n d e d  by  an  
am o u n t d a ,  t h e  w o rk  d o n e  by  t h e  s t r e s s  f i e l d  a h e a d  o f  t h e  c r a c k  
when m o v in g  t h r o u g h  t h e  d i s p l a c e m e n t s  c o r r e s p o n d i n g  t o  a  c r a c k  
o f  l e n g t h  (a-hda) i s  f o r m a l l y  e q u i v a l e n t  t o  t h e  c h a n g e  i n  s t r a i n  
e n e r g y  Gda . T h u s  t h e  a c h i e v e m e n t  o f  a  c r i t i c a l  s t r e s s  i n t e n s i t y  
f a c t o r ,  Kc , i s  e x a c t l y  e q u i v a l e n t  t o  t h e  G r i f f i t h - I r w i n  e n e r g y  
b a l a n c e  a p p r o a c h ,  w h ic h  r e q u i r e s  t h e  a c h i e v e m e n t  o f  a  s t o r e d  
e l a s t i c  s t r a i n  e q u a l  t o  Gc .
T he p a r a m e t e r  g o v e r n i n g  f r a c t u r e  may t h e r e f o r e  b e  s t a t e d  a s  
a  c r i t i c a l  s t r e s s  i n t e n s i t y ,  Kc , i n s t e a d  o f  a  c r i t i c a l  e n e r g y  
v a l u e  Gc .
I r w i n ’ s  e l a s t i c  s t r e s s  d i s t r i b u t i o n  i n  t h e  v i c i n i t y  o f  t h e  
c r a c k  t i p  show s t h a t  a s  t h e  c r a c k  t i p  r a d i u s  t e n d s  t o  z e r o  t h e  
s t r e s s e s  becom e i n f i n i t e .  S i n c e  s t r u c t u r a l  m a t e r i a l s  t e n d  t o  
d e f o r m  p l a s t i c a l l y  a t  h i g h  s t r e s s ,  t h e r e  w i l l  b e  a  p l a s t i c  z o n e  
s u r r o u n d i n g  t h e  c r a c k  t i p .  A p l a s t i c  z o n e  a t  t h e  c r a c k  t i p  
t o u g h e n s  t h e  m a t e r i a l  i n  t h r e e  w a y s :
i )  I t  d i s s i p a t e s  t h e  h i g h  l o c a l  s t r e s s e s  t o  some d e g r e e ,  
t h e r e b y  r e d u c i n g  t h e  s e v e r i t y  o f  t h e  e x c i t a t i o n ;
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i i )  I t  a b s o r b s  m ore  e n e r g y  t h a n  w o u ld  b e  r e q u i r e d  f o r
g r o w th  o f  a  b r i t t l e  c r a c k  o f  t h e  sam e l e n g t h ;
i i i )  I t  d i s s i p a t e s  e n e r g y  i n  t h e  s e n s e  t h a t  t h e  e n e r g y
a b s o r b e d  i n  i t  i s  n o t  r e c o v e r a b l e ,  a s  i t  w o u ld  b e  f ro m  
an  e l a s t i c  d e f o r m a t i o n ,  a n d  t h e r e f o r e  i s  n o t  a v a i l a b l e  
t o  s u p p o r t  c r a c k  g r o w t h .
I r w i n  a r g u e d  t h a t  t h e  o c c u r r e n c e  o f  p l a s t i c i t y  m akes  t h e  
c r a c k  b e h a v e  a s  i f  i t  w e re  l o n g e r  t h a n  i t s  p h y s i c a l  s i z e .  He 
show ed  t h a t  t h e  c r a c k  may b e  v ie w e d  a s  h a v i n g  a  n o t i o n a l  t i p  a t  
d i s t a n c e  r y  a h e a d  o f  t h e  r e a l  t i p .  The i n c r e a s e d  e f f e c t i v e  
l e n g t h  o f  t h e  c r a c k  may b e  i n t e r p r e t e d  a l t e r n a t i v e l y  a s  t h e  s o -  
c a l l e d  " c r a c k  t i p  o p e n i n g  d i s p l a c e m e n t " .  An a l t e r n a t i v e  
a n a l y s i s ,  a t t r i b u t e d  t o  D u g d a le 75, r e g a r d s  t h e  p l a s t i c  z o n e  a s  a  
w e d g e - s h a p e d  e x t e n s i o n  t o  t h e  c r a c k ,  f i g u r e  2 . 1 3 .
The p r o f i l e  o f  t h e  c r a c k  t i p  p l a s t i c  z o n e  c h a n g e s  t h r o u g h  
t h e  t h i c k n e s s ,  r e f l e c t i n g  t h e  t r a n s i t i o n  f ro m  p l a n e  s t r e s s  a t  t h e  
s u r f a c e  t o  p l a n e  s t r a i n  i n  t h e  c e n t r a l  p l a n e  o f  a  t h i c k  s p e c im e n .  
When r y  i s  l a r g e  c o m p a re d  t o  t h e  p l a t e  t h i c k n e s s ,  y i e l d i n g  w i l l  
t a k e  p l a c e  f r e e l y  i n  t h e  t h i c k n e s s  d i r e c t i o n  b u t  when i t  i s  s m a l l  
s u c h  y i e l d i n g  i s  c o n s t r a i n e d  by  t h e  s u r r o u n d i n g  m a t e r i a l .  I n  t h e  
f o r m e r  c a s e ,  t h e  s t r e s s  s t a t e  i s  p l a n e  s t r e s s  a n d  r y  h a s  t o  b e  
much s m a l l e r  t h a n  t h e  t h i c k n e s s  i f  a  s t a t e  o f  p l a n e  s t r a i n  i s  t o  
e x i s t  t h r o u g h  t h e  g r e a t e r  p a r t  o f  t h e  t h i c k n e s s .  I t  seem s  t o  
h a v e  b e e n  e s t a b l i s h e d  t h a t  a  p l a s t i c  z o n e  r a d i u s  l e s s  t h a n  o f  t h e  
o r d e r  o f  0 .0 2 5  t i m e s  t h e  t h i c k n e s s  d o e s  n o t  s u p p r e s s  p l a n e  s t r a i n  
f r a c t u r e  i n  m e t a l s ,  b u t  t h e  s i t u a t i o n  i s  n o t  w e l l  d o c u m e n te d  f o r
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p l a s t i c s .  P l a s t i c  z o n e s  s e v e r a l  m i l l i m e t r e s  a c r o s s  a r e  common 
a n d  t e s t  g e o m e t r y  t h i c k n e s s e s  o f  1 Ocm a r e  t h e r e f o r e  n e c e s s a r y  f o r  
some m a t e r i a l s  i f  p l a n e  s t r a i n  i s  t o  d o m in a te  i n  t e s t s  a t  room  
t e m p e r a t u r e .  T h i s  c o n d i t i o n  i s  v e r y  d i f f i c u l t  t o  s a t i s f y  a n d  o n e  
p r a c t i c a l  e x p e d i e n t  i s  t h e  u s e  o f  low  t e m p e r a t u r e s ,  w h ic h  
g e n e r a l l y  r e d u c e  Kc  a n d  r a i s e  ay  t h e r e b y  r e d u c i n g  t h e  s i z e  o f  t h e  
p l a s t i c  z o n e .  H o w ever , a  m e a s u r e  o f  f r a c t u r e  t o u g h n e s s  a t  a  
p a r t i c u l a r  t e m p e r a t u r e  a n d  s t r a i n i n g  r a t e  may s a y  v e r y  l i t t l e  
a b o u t  t h e  p r o p e r t y  u n d e r  a n o t h e r  s e t  o f  c o n d i t i o n s ,  s i n c e  t h e  
f a i l u r e  p r o c e s s e s  w h ic h  g o v e r n  may n o t  b e  t h e  sam e .
I n  o r d e r  t o  o b t a i n  r e l i a b l e  s t r e s s  i n t e n s i t y  f a c t o r  a n d  
s t r a i n  e n e r g y  r e l e a s e  r a t e  (KIC a n d  GIC) d a t a  o f  p o l y m e r i c  
m a t e r i a l s  w o r k e r s  h a v e  d e v e l o p e d  e x p e r i m e n t a l  m e th o d s  w o r k in g  a t  
h i g h  s t r a i n  r a t e s  a t  room  t e m p e r a t u r e .  T h i s  h a s  t h e  e f f e c t  o f  
m i n i m i s i n g  v i s c o e l a s t i c  l o s s e s  a n d  p l a s t i c  d e f o r m a t i o n  i n  a  
s i m i l a r  way t o  l o w e r i n g  t h e  t e m p e r a t u r e ,  b u t  i s  a l s o  d i f f i c u l t  
t o  e x t r a p o l a t e  t o  o t h e r  c o n d i t i o n s .  I n s t r u m e n t e d  p e n d u l a r  o r  
f a l l i n g  w e i g h t  i m p a c t o r s  a r e  u s e d  t o  b r e a k  n o t c h e d  s p e c i m e n s  i n  
t h r e e  p o i n t  b e n d i n g .  C a s i r a g h i  e t  a l 7 6  f o u n d  t h a t  f o r  t h e i r  
c o n d i t i o n s  t h e  LEFM c r i t e r i a  w e re  s a t i s f i e d  f o r  
p o l y v i n y l c h l o r i d e ,  b u t  n o t  by  p o l y p r o p y l e n e .  U s in g  a  C h a rp y  
i n s t r u m e n t e d  p e n d u lu m  G re c o  a n d  R a g o s t a 7 7  f o u n d  t h a t  KIC a n d  G1C 
i n c r e a s e  m a r k e d ly  w i t h  i n c r e a s i n g  m o l e c u l a r  w e i g h t .  The o p p o s i t e  
t r e n d  was o b s e r v e d  w i t h  i n c r e a s i n g  c r y s t a l l i s i n g  t e m p e r a t u r e .
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2 . 4 . 2 .  A p p l i c a t i o n  o f  F r a c t u r e  M e c h a n i c s  t o  C o m p o s i t e s
The u s e  o f  a n y  c l a s s i c a l  f r a c t u r e  m e c h a n ic s  a p p r o a c h  t o  t h e  
t o u g h n e s s  o f  c o m p o s i t e  m a t e r i a l s  i s  l i m i t e d  by  t h e  h e t e r o g e n e i t y  
a n d  c o m p le x  n a t u r e  o f  t h e  e n e r g y  a b s o r b i n g  p r o c e s s e s  o c c u r r i n g  
a t  a n d  away f ro m  t h e  c r a c k  f r o n t .
C o m p o s i t e s  a r e  h e t e r o g e n e o u s  m a t e r i a l s  w h ic h  c o n t a i n  u n e v e n  
s t r e s s  d i s t r i b u t i o n s  u n d e r  l o a d .  As a  c r a c k  p r o p a g a t e s  t h r o u g h  
t h e  m a t e r i a l  i t s  s t r e s s  f i e l d  w i l l  c h a n g e  d e p e n d i n g  u p o n  t h e  
p r o x i m i t y  o f  f i b r e  a n d  m a t r i x .  C o o p e r  a n d  K e l l y 7 8  o b s e r v e d  
t h i s  e f f e c t  a s  a  c r a c k  t i p  z o n e  s i z e  w h ic h  a l t e r n a t e d  b e tw e e n  
s m a l l  a n d  l a r g e  d i m e n s i o n s  a s  t h e  c r a c k  p r o p a g a t e d  t h r o u g h  
b r i t t l e  f i b r e s  a n d  d u c t i l e  m e t a l  m a t r i x .
I n t e r p r e t a t i o n  o f  d a t a  f ro m  f r a c t u r e  t o u g h n e s s  t e s t s  c a n  
l e a d  t o  a m b i g u i t y .  P h i l l i p s  a n d  T e t e l m a n 79, a n d  B eau m o n t a n d  
P h i l l i p s 8 0  i n v e s t i g a t e d  t h e  c o r r e l a t i o n  b e tw e e n  LEFM a n d  w ork  
o f  f r a c t u r e  t y p e  t e s t s .  The d i s c r e p a n c i e s  i n  r e s u l t s  b e tw e e n  t h e  
tw o t e s t s  o c c u r  p r i m a r i l y  b e c a u s e  t h e  f r a c t u r e  m e c h a n i c s  d a t a  a r e  
c a l c u l a t e d  f ro m  t h e  c r a c k  i n i t i a t i o n ;  w h i l e  t h e  w o rk  o f  f r a c t u r e  
r e s u l t s  i n c l u d e s  c r a c k  p r o p a g a t i o n  c o n t r i b u t i o n s .
U n d e r  some c i r c u m s t a n c e s ,  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n ic s  
c a n  b e  u s e d  d i r e c t l y .  T y p i c a l l y  t h i s  a p p l i e s  t o  b r i t t l e  
c o m p o s i t e s  w i t h  h i g h  i n t e r f a c i a l  s h e a r  s t r e n g t h s  a n d  b r i t t l e  
m a t r i c e s .  I n  s u c h  m a t e r i a l s  t h e  c r a c k  f a c e  i s  p l a n a r  a n d  t h e  
dam age  z o n e  s i z e  s m a l l  ( e . g .  <1mm). The e f f e c t s  o f  c o m p o s i t e
h e t e r o g e n e i t y  a r e  t h e r e f o r e  n o t  a p p a r e n t .  When t h e s e  c o n d i t i o n s  
a r e  d e v i a t e d  f ro m ,  t h e  a s s u m p t i o n s  o f  LEFM no  l o n g e r  h o l d ,  a n d  
c a n  no  l o n g e r  b e  a p p l i e d .  T ough  c o m p o s i t e s  dam age i n  a  c o m p le x
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m a n n e r  a n d  s i n g l e  c r a c k  f a i l u r e  may n o t  o c c u r .  T he dam age  z o n e  
may a l s o  b e  l a r g e ,  a n d  f o r  m o s t  t e s t i n g  g e o m e t r i e s  i t  w i l l  b e  
o u t s i d e  t h e  r a n g e  o f  t h e  p l a n e  s t r a i n  t e s t i n g  c r i t e r i a .
2 . 4 . 3 .  E l a s t i c - P l a s t i c  F r a c t u r e  M e c h a n ic s
L i n e a r  E l a s t i c  F r a c t u r e  M e c h a n ic s  (LEFM) w as o r i g i n a l l y  
d e v e l o p e d  t o  d e s c r i b e  c r a c k  g r o w th  a n d  f r a c t u r e  u n d e r  e s s e n t i a l l y  
e l a s t i c  c o n d i t i o n s ,  a s  t h e  name i m p l i e s .  H o w ev e r ,  s u c h  
c o n d i t i o n s  a r e  m et o n l y  f o r  p l a n e  s t r a i n  f r a c t u r e  o f  h i g h  
s t r e n g t h  m e t a l l i c  m a t e r i a l s  a n d  f o r  f r a c t u r e  o f  i n t r i n s i c a l l y  
b r i t t l e  m a t e r i a l s  l i k e  g l a s s ,  c e r a m i c s ,  r o c k  a n d  i c e .
L a t e r  i t  was shown t h a t  LEFM c o n c e p t s  c o u l d  b e  s l i g h t l y  
a l t e r e d  i n  o r d e r  t o  c o p e  w i t h  l i m i t e d  p l a s t i c i t y  i n  t h e  c r a c k  t i p  
r e g i o n .  I n  t h i s  c a t e g o r y  f a l l  t h e  t r e a t m e n t  o f  f r a c t u r e  p r o b le m s  
i n  p l a n e  s t r e s s ,  e g  t h e  R - c u r v e  c o n c e p t .  N e v e r t h e l e s s ,  t h e r e  a r e  
many i m p o r t a n t  c l a s s e s  o f  m a t e r i a l s  t h a t  a r e  t o o  d u c t i l e  t o  
p e r m i t  d e s c r i p t i o n  o f  t h e i r  b e h a v i o u r  by LEFM: t h e  c r a c k  t i p
p l a s t i c  z o n e  i s  s i m p l y  t o o  l a r g e .  F o r  t h e s e  c a s e s  o t h e r  m e th o d s  
m u s t  b e  f o u n d .
E l a s t i c - P l a s t i c  F r a c t u r e  M e c h a n ic s  (EPFM) m e th o d s  
s i g n i f i c a n t l y  e x t e n d  t h e  d e s c r i p t i o n  o f  f r a c t u r e  b e h a v i o u r  b e y o n d  
t h e  e l a s t i c  r e g i m e ,  b u t  t h e y  t o o  a r e  l i m i t e d .  T h u s  EPFM c a n n o t  
t r e a t  t h e  o c c u r r e n c e  o f  g e n e r a l  y i e l d  l e a d i n g  t o  s o - c a l l e d  
p l a s t i c  c o l l a p s e .
The J  i n t e g r a l  c o n c e p t  i s  b a s e d  on  an  e n e r g y  b a l a n c e  
a p p r o a c h .  I t  was f i r s t  i n t r o d u c e d  by R i c e 81  .
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The G r i f f i t h  e n e r g y  b a l a n c e  o f  a n  e l a s t i c ,  r e m o t e l y  l o a d e d  
c r a c k e d  p l a t e  c a n  b e  s t a t e d  a s :
w h e r e ;
U = U0  + Ua + Uy -  F ( 2 . 3 7 )
U = t o t a l  e n e r g y  c o n t e n t  o f  c r a c k e d  p l a t e ,
UQ = e l a s t i c  e n e r g y  c o n t e n t  o f  t h e  l o a d e d  u n c r a c k e d  p l a t e  
( a  c o n s t a n t ) ,
Ua = c h a n g e  i n  t h e  e l a s t i c  s t r a i n  e n e r g y  c a u s e d  by  t h e  
i n t r o d u c i n g  t h e  c r a c k  i n  t h e  p l a t e ,
Uy = c h a n g e  i n  e l a s t i c  s u r f a c e  e n e r g y  c a u s e d  by t h e  
f o r m a t i o n  o f  t h e  c r a c k e d  s u r f a c e s ,
F = w o rk  p e r f o r m e d  by  e x t e r n a l  f o r c e s .
T
P r e v i o u s l y  t h i s  h a s  o n l y  b e e n  c o n s i d e r e d  f o r  l i n e a r  e l a s t i c  
b e h a v i o u r .  H o w ever , e q u a t i o n  ( 2 . 3 7 )  w i l l  r e m a i n  v a l i d  a s  l o n g  
a s  t h e  b e h a v i o u r  r e m a i n s  e l a s t i c .  I t  n e e d  n o t  b e  l i n e a r .  T h u s ,  
e v e n  f o r  a  m a t e r i a l  e x h i b i t i n g  a  n o n l i n e a r  l o a d  d i s p l a c e m e n t  
r e s p o n s e  t h e  e q u a t i o n  i s  v a l i d .
An i m p o r t a n t  c o n s e q u e n c e  o f  t h i s  e x t e n d e d  v a l i d i t y  o f  
e q u a t i o n  ( 2 . 3 7 )  i s  t h a t  u n d e r  c e r t a i n  r e s t r i c t i o n s  t h i s  n o n l i n e a r  
e l a s t i c  b e h a v i o u r  c a n  b e  u s e d  t o  m o d e l  p l a s t i c  b e h a v i o u r  o f  a  
m a t e r i a l .  T h i s  i s  known a s  t h e  d e f o r m a t i o n  t h e o r y  o f  p l a s t i c i t y .  
T he  m a in  r e s t r i c t i o n  i s  t h a t  no  u n l o a d i n g  may o c c u r  i n  an y  p a r t  
o f  a  b o d y  s i n c e  f o r  a c t u a l  p l a s t i c  b e h a v i o u r  t h e  p l a s t i c  p a r t  
o f  t h e  d e f o r m a t i o n  i s  i r r e v e r s i b l e .
As l o n g  a s  e q u a t i o n  ( 2 . 3 7 )  r e m a i n s  v a l i d  i t  i s  p o s s i b l e  t o  
d e r i v e  a n  i n s t a b i l i t y  c o n d i t i o n  l e a d i n g  t o :
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a  ( f  -  u _ ) = >  d u Y
d a  d a
(2.38)
F u r t h e r m o r e ,  a  n o n l i n e a r  e l a s t i c  e q u i v a l e n t  o f  G, J  c a n  b e
d e f i n e d :
J  = d__(F -  Ua ) ( 2 . 3 9 )
d a
F o r  e l a s t i c  b e h a v i o u r  J^G by  d e f i n i t i o n .
R e t u r n i n g  a g a i n  t o  e q u a t i o n  ( 2 . 3 7 )  t h e  p o t e n t i a l  e n e r g y  Up 
c a n  b e  d e f i n e d  a s :
UP = u o + -  F
i . e ;
U = Up + Uy ( 2 . 4 0 )
T hus  Up c o n t a i n s  a l l  t h e  e n e r g y  t e r m s  t h a t  may c o n t r i b u t e  t o  
n o n l i n e a r  e l a s t i c  b e h a v i o u r ,  w h i l e  Uy ( t h e  c h a n g e  i n  e l a s t i c
s u r f a c e  e n e r g y  o w in g  t o  c r a c k  e x t e n s i o n )  i s  g e n e r a l l y
i r r e v e r s i b l e .  S i n c e  UQ i s  a  c o n s t a n t ,  d i f f e r e n t i a t i o n  o f  Up  
g i v e s :
dUp = d _ (U a -  F ) = d _ (F  -  Ua ) ( 2 . 4 1 )
d a  d a  d a
From e q u a t i o n  ( 2 , 3 9 )  i t  i s  s e e n  t h a t  by d e f i n i t i o n :
J = dUn ( 2 . 4 2 )
d a
d F /d a  r e p r e s e n t s  t h e  e n e r g y  p r o v i d e d  by  t h e  e x t e r n a l  f o r c e  F p e r  
i n c r e m e n t  o f  c r a c k  e x t e n s i o n .  dUa/ d a  i s  t h e  i n c r e a s e  o f  e l a s t i c  
e n e r g y  o w in g  t o  t h e  e x t e r n a l  w ork  d F / d a . The q u a n t i t y  dUp/ d a  
t h e r e f o r e  r e p r e s e n t s  t h e  c h a n g e  i n  s t o r e d  e n e r g y .  A d e c r e a s e  i n  
s t o r e d  e n e r g y ,  -dUp / d a ,  m eans  a  r e l e a s e  o f  c r a c k  d r i v i n g  e n e r g y ,
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J ,  i n  o r d e r  t o  p r o v i d e  t h e  e n e r g y  d U y /d a ,  f o r  a n  i n c r e a s e  i n  
c r a c k  s u r f a c e  by  d a .
D u r in g  c r a c k  g r o w th  t h e  n e w ly  fo rm e d  c r a c k  f l a n k s  a r e  
c o m p l e t e l y  u n l o a d e d  f ro m  s t r e s s e s  a s  h i g h  a s  oy s  ( o r  c o n s i d e r a b l y  
h i g h e r ,  Coy!S 2 \  i n  t h e  c a s e  o f  p l a n e  s t r a i n ) .  ’ T h e r e f o r e  i n  
p r i n c i p l e  J  s h o u l d  b e  e x p e c t e d  t o  a p p l y  o n l y  up t o  t h e  b e g i n n i n g  
o f  c r a c k  g r o w t h .  D e s p i t e  t h i s ,  some s u c c e s s  i n  u s i n g  J  t o  
c h a r a c t e r i z e  c r a c k  g r o w th  h a s  b e e n  c l a i m e d .
H uang a n d  W i l l i a m s 8 2  f o l l o w e d  a  m u l t i p l e  s p e c im e n  
t e c h n i q u e  s i m i l a r  t o  ASTM E813 t o  m e a s u r e  J  f o r  t h r e e  t o u g h e n e d  
n y l o n s .  The n o t c h  t i p  r a d i u s  was f a i r l y  l a r g e  (5-12}jLm), a n d  was 
n o t  s h a r p e n e d  w i t h  a  s c a l p e l ,  f o r  e x a m p le .  T h e i r  r e s u l t s  w e re  
s e l f  c o n s i s t e n t  b u t  may b e  a n  o v e r  e s t i m a t e  d u e  t o  n o t c h  b l u n t i n g  
a t  t h e  c r a c k  t i p .  V a lu e s  b e tw e e n  15 a n d  30 kJirT2  w e re  o b t a i n e d .  
T h i s  c o m p a re d  w e l l  w i t h  v a l u e s  o b t a i n e d  f o r  p o l y p r o p y l e n e  by  
H ashem i a n d  W i l l i a m s 8 3  o f  1 5 .5  k jm - 2 .
2 . 4 . 4 .  O b s e r v a t i o n s  o f  F i b r e  T o u g h e n in g  M ech a n ism s
M a n d e l l  e t  a l 8 4  a t t e m p t e d  t o  m e a s u r e d  s t r e s s  i n t e n s i t y ,  Kf 
v a l u e s  f o r  a  r a n g e  o f  t h e r m o p l a s t i c  m a t r i x  m a t e r i a l s  r e i n f o r c e d  
by  c a r b o n  a n d  g l a s s  f i b r e s .  I t  was shown t h a t  t h e  f i b r e  l e n g t h  
d i s t r i b u t i o n  i n f l u e n c e d  K v a l u e s  t o  a  g r e a t e r  e x t e n t  t h a n  t h e  
a c t u a l  m a t r i x  t y p e .  The f i b r e  o r i e n t a t i o n  d i s t r i b u t i o n  g a v e  r i s e  
t o  v a r i a t i o n s  i n  JC o f  a  f a c t o r  o f  tw o .  T hey  a l s o  o b s e r v e d  t h a t  
t h e  f r a c t u r e  t o o k  a  " f i b r e  a v o i d a n c e "  p r o p a g a t i o n  r o u t e .  As t h i s
^  I n  s i t u a t i o n s  o f  h i g h  c o n s t r a i n t ,  e . g .  c r a c k s  i n  t h i c k  
s e c t i o n s ,  t h e  e f f e c t i v e  y i e l d  s t r e n g t h  w i l l  i n c r e a s e  
t o  Coy s t  w h e re  C i s  t h e  p l a s t i c  c o n s t r a i n t  f a c t o r .
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m u s t  b e  t h e  m o s t  e n e r g e t i c a l l y  f a v o u r a b l e  r o u t e ,  i t  s u g g e s t s  t h a t  
a  l a r g e r  p r o p o r t i o n  o f  l o n g  f i b r e s  s h o u l d  l e a d  t o  a n  i n c r e a s e  i n  
t h e  t o u g h n e s s  a s  i t  d e c r e a s e s  t h e  l i k e l i h o o d  o f  t h e  f i b r e  
a v o i d a n c e  p a t h .  T h i s  c o n t r a s t s  w i t h  t h e  C o t t r e l l 8 5  a n d  K e l l y 6 4  
m o d e ls  w h ic h  p r e d i c t  t h a t  f i b r e s  o f  t h e  c r i t i c a l  l e n g t h  a r e  m o s t  
d e s i r a b l e  f o r  f i b r e  p u l l - o u t  t o u g h e n i n g .  A b a l a n c e  o f  f i b r e s  o f  
a n d  a b o v e  t h e  c r i t i c a l  l e n g t h  i n  SFRTP' s  may t h e r e f o r e  g i v e  
o p tim u m  t o u g h n e s s .
S a t o  e t  a l 8 6 , 8 7  c o n d u c t e d  m i c r o s t r u c t u r a l  i n v e s t i g a t i o n s  
i n t o  t h e  i n i t i a t i o n  a n d  p r o p a g a t i o n  o f  c r a c k s  i n  u n n o t c h e d  
SFRTP1 s . T hey  made t h r e e  o b s e r v a t i o n s :
i )  I n i t i a l l y ,  c r a c k s  fo rm  a t  t h e  f i b r e  e n d s ;
i i )  T h e s e  c r a c k s  p r o p a g a t e  a l o n g  t h e  f i b r e - m a t r i x  i n t e r f a c e ;
i i i )  F i n a l l y ,  c r a c k s  g r o w in g  i n t o  t h e  m a t r i x  l i n k  up  a n d  g i v e  
r i s e  t o  t h e  c a t a s t r o p h i c  f a i l u r e  o f  t h e  c o m p o s i t e .
T h i s  t y p e  o f  dam age  a c c u m u l a t i o n  p r o c e s s  h a s  b e e n  c o n f i r m e d  
i n  many s t u d i e s .  I t  i s  g e n e r a l l y  b e l i e v e d  t h a t  t h e  f i b r e s  w i t h i n  
t h e  m a t r i x  c a n  a c t  a s  s t r e s s  r a i s e r s  a n d / o r  i n t e r n a l  n o t c h e s  d u e  
t o  t h e  d i f f e r i n g  e l a s t i c  r e s p o n s e  o f  t h e  two m a t e r i a l s  a n d  t h e i r  
i n t e r f a c i a l  b o n d i n g .  T h e s e  m e c h a n is m s  o c c u r  i n  t h e  e q u i v a l e n t  
o f  a  p l a s t i c  z o n e .  H o w ever , a s  t h e  m a t e r i a l  d o e s  n o t  u n d e r g o  
e n t i r e l y  p l a s t i c  d e f o r m a t i o n  i t  i s  m ore  a p p r o p r i a t e  t o  r e f e r  t o  
t h i s  dam age  r e g i o n  a s  t h e  " p r o c e s s  z o n e " .  The " p r o c e s s  z o n e "  
c o n t a i n s  v e r y  l o c a l i s e d  r e g i o n s  o f  i n t e n s e  p l a s t i c  d e f o r m a t i o n  
a t  a n d  a r o u n d  t h e  f i b r e  e n d s ,  a s  w e l l  a s  m a t r i x  r i c h  r e g i o n s  
w h ic h  u n d e r g o  l i t t l e  o r  no  p l a s t i c  d e f o r m a t i o n .
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C o n t r a d i c t o r y  t o  M a n d e l l  e t  a l 84, Lhymn a n d  S c h u l t z 1 3  
o b s e r v e d  t h a t  f i b r e  f r a c t u r e ,  a n d  m i c r o c r a c k s  f ro m  f i b r e  e n d s ,  
a r e  i n d u c e d  by a  " f a r - f i e l d "  e f f e c t ,  a n d  n o t  by  a n  im m e d ia te  
f i e l d  n e a r  t h e  c r a c k  t i p .
I t  i s  g e n e r a l l y  h e l d  t h a t  c r a c k  i n i t i a t i o n  f ro m  f i b r e  e n d s  
h o l d s  i n  m o s t  c a s e s ,  b u t  t h e  p r o p a g a t i o n  o f  t h e  c r a c k  i s  h i g h l y  
i n f l u e n c e d  by  t h e  m a t r i x  m a t e r i a l .
T h e r e  a r e  many o b s e r v e d  p o s s i b l e  e n e r g y  a b s o r b i n g  p r o c e s s e s  
w h ic h  o c c u r  p r i o r  t o  f i n a l  c r a c k  s u r f a c e  f o r m a t i o n  a n d  t h e r e b y  
e n h a n c e  c r a c k  g r o w th  r e s i s t a n c e .  O u t w a t e r  a n d  M urphy 5 7  o b s e r v e d  
t h a t  d u r i n g  t h e  f r a c t u r e  o f  g l a s s - f i b r e  r e s i n  c o m p o s i t e s ,  t h e  
a d h e s i v e  b o n d  b e tw e e n  f i b r e s  a n d  m a t r i x  was d e s t r o y e d  f o r  some 
d i s t a n c e  o n  e i t h e r  s i d e  o f  t h e  f r a c t u r e  p a t h .  T hey  c o n c l u d e d  
t h a t  t h i s  i s  a  r e s u l t  o f  l o c a l  P o i s s o n ' s  c o n t r a c t i o n  w h ic h ,  
e x a c e r b a t e d  by  t h e  l a t e r a l  c o n t r a c t i o n  o f  t e n s i l e  s t r e s s  a h e a d  
o f  t h e  c r a c k  t i p ,  i n i t i a t e s  f i b r e / r e s i n  d e b o n d i n g .  The 
i n t e r f a c i a l  s h e a r  s t r e s s  r e s u l t i n g  f ro m  f i b r e / m a t r i x  m o d u lu s  
m is m a tc h  w i l l  t h e n  c a u s e  e x t e n s i o n  o f  t h e  d e b o n d  a l o n g  t h e  f i b r e  
i n  b o t h  d i r e c t i o n s  away f ro m  t h e  c r a c k  p l a n e .  I n  some 
c i r c u m s t a n c e s  d e b o n d in g  c a n  l e a d  t o  l a r g e  s c a l e  d e v i a t i o n  o f  t h e  
c r a c k  t i p  p a r a l l e l  w i t h  t h e  f i b r e s ,  r e s u l t i n g  i n  e f f e c t i v e  
b l u n t i n g  o f  t h e  c r a c k  t i p .
A f t e r  d e b o n d i n g ,  t h e  f i b r e  a n d  t h e  m a t r i x  move r e l a t i v e  t o  
e a c h  o t h e r  a s  t h e  c r a c k  o p e n i n g  c o n t i n u e s .  Work m u s t  b e  d o n e  
a g a i n s t  f r i c t i o n a l  r e s i s t a n c e  d u r i n g  t h e  p r o c e s s .
F i b r e  p u l l - o u t  i s  a n o t h e r  e n e r g y  a b s o r b i n g  p r o c e s s  
a s s o c i a t e d  w i t h  t h e  i n t e r f a c i a l  s h e a r  s t r e s s .  C o t t r e l l 8 8  a n d  
K e l l y 6 4  p r o p o s e d  t h a t  t h e  e n e r g y  c o n t r i b u t i o n  a r i s e s  when t h e
61
f i b r e s  a r e  r e s t r a i n e d  by t h e  i n t e r f a c i a l  s h e a r  s t r e s s e s  b e tw e e n  
t h e m s e l v e s  a n d  t h e  m a t r i x .  The e n e r g y  r e q u i r e d  t o  p u l l  t h e  
f i b r e s  f r e e  o f  t h e  m a t r i x  i s  t e r m e d  t h e  " p u l l - o u t  e n e r g y " . I n  
an  a l i g n e d  s h o r t  f i b r e  r e i n f o r c e d  c o m p o s i t e  t h e  w o rk  o f  p u l l - o u t  
w i l l  b e  a  maximum when t h e  r e i n f o r c i n g  f i b r e s  a r e  o f  e x a c t l y  t h e  
c r i t i c a l  l e n g t h  (C o o p e r 89) .  H e l f e t  a n d  H a r r i s 9 0  o b s e r v e d  t h a t  
i f  t h e  f i b r e s  a r e  a t  a n  a n g l e  t o  t h e  c r a c k  f a c e ,  b r i t t l e  o n e s  
w i l l  f a i l  p r e m a t u r e l y  w i t h o u t  p u l l - o u t ,  b u t  p l a s t i c a l l y  
d e f o r m a b l e  o n e s  w i l l  u n d e r g o  e x t r a  w ork  o f  s h e a r i n g  a s  t h e y  p u l l -  
o u t ,  c o n t r i b u t i n g  t o  e x t r a  t o u g h n e s s .  W e l l s  a n d  B eau m o n t91  
p r e s e n t e d  a  s t a t i s t i c a l  m e th o d  w h e re b y  v a r i o u s  p o t e n t i a l  
c o n t r i b u t i o n s  t o  t h e  t o u g h n e s s  o f  a  p o ly m e r  c o n t a i n i n g  s h o r t  
b r i t t l e  f i b r e s  a r e  q u a n t i f i e d .  The e n e r g e t i c s  o f  f i b r e  
d e b o n d i n g ,  f i b r e  f r a c t u r e  a n d  f i b r e  p u l l - o u t  a r e  p r e d i c t e d  f ro m  
t h e o r y .  T h i s  d a t a  a r e  t h e n  a p p l i e d  t o  a  m o d e l  w h ic h  p r e d i c t s  t h e  
c u m u l a t i v e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  f i b r e  p u l l - o u t  l e n g t h s .  
The m e th o d  r e v e a l s  t h a t  t o u g h n e s s  i n c r e a s e s  t o  a  maximum v a l u e  
w i t h  i n c r e a s i n g  f i b r e  l e n g t h ,  a n d  g o o d  e x p e r i m e n t a l  a g r e e m e n t  i s  
sh o w n .
C o m p o s i te  t o u g h n e s s  c a n  b e  i n c r e a s e d  by  r a i s i n g  t h e  f i b r e  
v o lu m e  f r a c t i o n ,  i n c r e a s i n g  t h e  f i b r e  d i a m e t e r ,  o r  u s i n g  s t r o n g e r  
f i b r e s .  I m p r o v in g  t h e  f i b r e / m a t r i x  b o n d  may n o t  i n c r e a s e  t h e  
t o u g h n e s s  b e c a u s e  i t  i n h i b i t s  a n d  t h e r e f o r e  r e d u c e s  p u l l - o u t ,  a s  
p o s t u l a t e d  by  B eaum on t a n d  H a r r i s 9 2 . H ow ever , i f  t h e  m a t r i x  i s  
r e l a t i v e l y  d u c t i l e ,  t h e  f i b r e s  a r e  w e l l  b o n d e d  t o  t h e  m a t r i x  a n d  
t h e  s t r e s s  i n t e n s i t y  f a c t o r  a t  t h e  c r a c k  t i p  i s  n o t  s u f f i c i e n t  
t o  p r o p a g a t e  t h e  c r a c k  t h r o u g h  t h e  f i b r e ,  t h e  c r a c k  may b e  f o r c e d  
t o  r u n  a r o u n d  t h e  f i b r e .  When p u l l - o u t  o c c u r s  t h e  c r a c k  w i l l
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h a v e  t o  p r o p a g a t e  i n  a  c o h e s i v e  f a i l u r e  t h r o u g h  t h e  m a t r i x  a r o u n d  
t h e  s u r f a c e s  o f  t h e  f i b r e .  T h i s  may b e  m ore  e n e r g y  i n t e n s i v e  
t h a n  i f  t h e  f a i l u r e  w e re  a n  a d h e s i v e  f a i l u r e  a t  t h e  f i b r e  
s u r f a c e ,  a n d  h e n c e  i t  may i n c r e a s e  t h e  t o u g h n e s s  o f  t h e  m a t e r i a l .
2 . 4 . 5 .  R u b b e r  D i s p e r s i o n  T o u g h e n in g
E n e r g y  a b s o r b i n g  p r o c e s s e s  o c c u r r i n g  d u r i n g  l o a d i n g  o f  
d u c t i l e  p o ly m e r s  a t  t e m p e r a t u r e s  a t  a n d  a b o v e  t h a t  o f  t h e  Tg o f  
t h e  m a t r i x  c o m p o n e n t s  a r e  s h e a r  f l o w  a n d  c r a z e  f o r m a t i o n .  The 
c r a z e s  c o n t a i n  b e tw e e n  20% a n d  90% v o i d s ,  t h e  r e s t  c o n s i s t i n g  o f  
f i b r i l s  o r i e n t e d  i n  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  s t r e s s .  The
'  s h e a r  b a n d s ,  i n  c o n t r a s t ,  h a v e  v e r y  l i t t l e  v o i d  v o lu m e .  U n l i k e  
a c t u a l  c r a c k s ,  b o t h  c r a z e s  a n d  s h e a r  b a n d s  a r e  c a p a b l e  o f  
s u p p o r t i n g  s t r e s s e s  b e c a u s e  o f  t h e  o r i e n t e d  p o ly m e r  i n v o l v e d .  
T h i s  h e l p s  t o  a c c o u n t  f o r  t h e  i n c r e a s e d  t o u g h n e s s  o f  t h e s e  
m a t e r i a l s .
The d e f o r m a t i o n  b e h a v i o u r  i n  t e n s i o n  o f  n o t c h e d  s p e c im e n s  
o f  b l e n d s  o f  p o l y p r o p y l e n e  w i t h  e t h y l e n e - p r o p y l e n e  r u b b e r  was 
s t u d i e d  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  a n d  c o m p o s i t i o n  by  Chou e t  
a l 93 . S t a b l e  c r a c k  g r o w th  was n o t  o b t a i n e d  up  t o  99% o f  t h e  
maximum s t r e s s .  H o w ev er ,  a  h i e r a r c h y  o f  f a i l u r e  e v e n t s  was 
o b s e r v e d .  F i r s t ,  t h e r e  was a  g r a d u a l  o c c u r r e n c e  o f  a  f a n - s h a p e d  
dam age  z o n e  a t  t h e  c r a c k  t i p .  T hen  a n  i n t e n s e  dam age  z o n e
i n i t i a t e d .  F i n a l l y ,  a  s lo w  t e a r i n g  mode o f  c r a c k  g r o w th  o c c u r r e d
a t  t h e  maximum s t r e s s  a n d  t h e  s a m p le  f a i l e d .  D i f f e r e n t
m e c h a n is m s  w e re  a c t i v e  i n  t h e  g r o w th  o f  t h e  dam age  z o n e s .  I n  
r u b b e r - m o d i f i e d  b l e n d s  m i c r o v o i d s  w e re  d o m in a n t  i n  t h e  f a n  z o n e ,
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w i t h  some c r a z e s  c l o s e  t o  t h e  i n t e n s e  z o n e .  I n  t h e  c a s e  o f  
u n m o d i f i e d  p o l y p r o p y l e n e ,  o n l y  c r a z e s  w e re  o b s e r v e d .  I n  b o t h  
c a s e s ,  t h e  c r a z e s  c o a l e s c e d  t o  fo rm  a  n e tw o r k  o f  d e f o r m a t i o n  
b a n d s  i n  t h e  i n t e n s e  z o n e .  U s in g  i d e n t i c a l  m a t e r i a l ,  Chou e t  
a l 9 4  i n v e s t i g a t e d  t h e  i r r e v e r s i b l e  d e f o r m a t i o n  m e c h a n is m s  i n  
t h e  r e g i o n  o f  t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n .  A t -4 0 ° C ,  t h e  
c o n t r o l l i n g  m i c r o  d e f o r m a t i o n  p r o c e s s  i n  p o l y p r o p y l e n e  was 
c r a z i n g .  I n  t h e  b l e n d s ,  tw o k i n d s  o f  dam age z o n e s  w e re  o b s e r v e d :  
a  d i f f u s e  z o n e  d u e  t o  v o i d i n g  a t  r u b b e r  p a r t i c l e s  a n d  a n  i n t e n s e  
dam age z o n e  d u e  t o  c r a z e - l i k e  dam age a n d  d e f o r m a t i o n  b a n d s .  I n  
g e n e r a l ,  t h e  s i z e  a n d  d e n s i t y  o f  t h e  dam age z o n e s  i n c r e a s e d  i n  
a  g r a d u a l  m a n n e r  t h r o u g h  t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  
w h e t h e r  e x a m in e d  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  s t r a i n  r a t e  o r  
b l e n d  c o m p o s i t i o n .
2 . 4 . 6 .  I m p a c t  B e h a v i o u r
P o l y m e r i c  m a t e r i a l s  a r e  v i s c o e l a s t i c  s o l i d s .  T h e i r  
p r o p e n s i t y  t o  a n e l a s t i c  a n d  p l a s t i c  d e f o r m a t i o n  i s  r e d u c e d  when 
t h e y  a r e  t e s t e d  a t  h i g h  s t r a i n  r a t e s  a n d / o r  a t  low  t e m p e r a t u r e s .  
The r e d u c e d  d e f o r m a b i l i t y  c a u s e s  a  f o r m e r l y  t o u g h  o r  h i g h l y  
e l a s t i c  p o ly m e r  t o  r e s p o n d  i n  a  b r i t t l e  m a n n e r .  E v i d e n c e  o f  t h i s  
i s  shown by  t h e  i m p a c t  f r a c t u r e  o f  n a t u r a l  r u b b e r  a t  l i q u i d  
n i t r o g e n  t e m p e r a t u r e .
I m p a c t  r e s i s t a n c e  d e p e n d s  s t r o n g l y  on  t h e  p r e s e n c e  a n d  s h a p e  
o f  s t r e s s  c o n c e n t r a t o r s ,  o n  t h e  s a m p le  g e o m e t r y ,  a n d  o n  t h e  
t e s t i n g  c o n d i t i o n s .  T h i s  m akes  i t  v e r y  d i f f i c u l t  t o  d e f i n e  a n d  
m e a s u r e  a  u n i q u e  m a t e r i a l  p r o p e r t y  " i m p a c t  r e s i s t a n c e " .  S i n c e
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t h e  i m p a c t  b e h a v i o u r  u n d e r  o n e  c o n d i t i o n  ( e g  i m p a c t  b e n d i n g )  
c a n n o t  v e r y  w e l l  b e  p r e d i c t e d  f ro m  t h e  b e h a v i o u r  u n d e r  d i f f e r e n t  
c o n d i t i o n s  ( e g  f a l l i n g  w e i g h t )  q u i t e  a  num ber o f  i m p a c t  t e s t s  
h a v e  b e e n  d e v i s e d .  The f o u r  b e s t  known a r e  t h e  t h r e e  p o i n t  
b e n d i n g  (C h a rp y  n o t c h e d  a n d  u n n o t c h e d ) ,  tw o  p o i n t  b e n d i n g  ( I z o d ) ,  
t e n s i l e - i m p a c t ,  a n d  f a l l i n g  w e i g h t  t e s t s  w h ic h  h a v e  b e e n  
s t a n d a r d i z e d  (DIN 5 3 4 5 3 ,  5 3 4 4 8 ,  5 3 3 7 3 ,  5344E? ASTM D 2 5 6 ,  1 8 2 2 , 
2 4 4 4 ,  3 0 2 9 ) .
I n  t h e  C h a rp y  t h r e e  p o i n t  b e n d i n g  i m p a c t  t e s t  a  m e a s u r e m e n t  
i s  t a k e n  o f  t h e  e n e r g y  l o s s  An w h ic h  a  p e n d u lu m  i n c u r s  i n  
s t r i k i n g  a n d  b r e a k i n g  a  p r i s m a t i c  s p e c im e n  ( o f  t h i c k n e s s  D a n d  
w i d t h  B ) , w h ic h  may o r  may n o t  b e  n o t c h e d .  The o b s e r v e d  e n e r g y  
l o s s  b a s i c a l l y  c o m p r i s e s  o f  4 d i f f e r e n t  t e r m s :
-  t h e  e n e r g y  We t o  b e n d  t h e  s a m p le  up  t o  t h e  p o i n t  o f  c r a c k  
i n i t i a t i o n ;
-  t h e  e n e r g y  G ^D  t o  p r o p a g a t e  t h e  c r a c k  t h r o u g h  t h e  
s p e c im e n ;
-  t h e  k i n e t i c  e n e r g y  o f  t h e  b r o k e n  s a m p l e ;
-  v i b r a t i o n a l  o r  o t h e r w i s e  d i s s i p a t e d  e n e r g y .
The r a t i o  o f  t h e  f r a c t u r e  e n e r g y  An t o  t h e  s a m p le  c r o s s  
s e c t i o n  B.D  i s  t e r m e d  i m p a c t  s t r e n g t h ,  an . S u ch  a  n o t a t i o n  
c r e a t e s  t h e  i l l u s i o n  t h a t  an i s  a  f r a c t u r e  s u r f a c e  s p e c i f i c  
m a t e r i a l  p r o p e r t y .  I t  h a s  b e e n  p o i n t e d  o u t  f r e q u e n t l y  t h a t  t h i s  
i s  n o t  t h e  c a s e 9 5 ,9 6 . N e i t h e r  We n o r  p r o p o r t i o n a l  t o
t h e  s a m p le  c r o s s  s e c t i o n .  A c o m p a r i s o n  o f  an v a l u e s  s h o u l d  o n l y  
b e  m ade, t h e r e f o r e ,  i f  a l l  v a l u e s  a r e  o b t a i n e d  f ro m  o n e  t y p e  o f
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t e s t  a n d  p r e f e r a b l y  f ro m  s p e c im e n s  o f  i d e n t i c a l  g e o m e t r y .  I m p a c t  
s t r e n g t h  v a l u e s  an o f  C h a rp y  u n n o t c h e d  s p e c im e n s  (DIN 5 3 4 5 3 ) a t  
20° C r a n g e  f ro m  3 . 5 - 1 2 k J / m 2  f o r  f i l l e d  p h e n o l i c  m e la m in e  an d  
u r e a  r e s i n s , 4 -2 2  k j / m 2  f o r  v a r i o u s  f i l l e d  e p o x y  a n d  p o l y e s t e r  
r e s i n s ,  1 2 -2 0  k J /m 2  f o r  PMMA, PS a n d  SAN, a n d  5 0 -9 0  k j / m 2  f o r  
e t h y l  c e l l u l o s e ,  CA, s t y r e n e - b u t a d i e n e  c o p o l y m e r s ,  a n d  POM. F o r  
many t h e r m o p l a s t i c s  (ABS, CAB, PE, PP , PTFE, PC, PVC, PA) no  
f r a c t u r e  i s  o b s e r v e d  u n d e r  t h e s e  t e s t  c o n d i t i o n s 9 7 .
The a b o v e  i m p a c t  s t r e n g t h  v a l u e s  d e s i g n a t e  b r i t t l e  b e h a v i o u r  
i f  a n <40 k j / m 2 . The m a t e r i a l s  w i t h  an b e tw e e n  50 t o  90 k J /m 2  
w i l l  g e n e r a l l y  b e  b r i t t l e  i f  b l u n t l y  n o t c h e d .  Of t h o s e  p o ly m e r s  
n o t  b r e a k i n g  i n  t h e  C h a rp y  u n n o t c h e d  t e s t ,  some w i l l  r e s p o n d  i n  
a  b r i t t l e  m a n n e r  i f  t h e y  a r e  s h a r p l y  n o t c h e d ,  w h e r e a s  o t h e r s  
r e m a in  t o u g h .  V i n c e n t 9 8  a n d  B u c k n a l l  e t  a l . 9 6  p r o p o s e  t h e  
f o l l o w i n g  q u a l i t a t i v e  i m p a c t  r e s i s t a n c e  r a t i n g :  b r i t t l e
( a rj< 4 0 k J /m 2 ) , b r i t t l e  i f  b l u n t l y  n o t c h e d ,  b r i t t l e  i f  s h a r p l y  
n o t c h e d ,  t o u g h  b u t  c r a c k  p r o p a g a t i n g  , a n d  v e r y  t o u g h  a n d  c r a c k  
a r r e s t i n g .
I m p a c t  b e h a v i o u r  i s  a  v e r y  i m p o r t a n t  p r o p e r t y  o f  SFRTPf s  a s  
h i g h  i m p a c t  r a t e  dam age t o l e r a n c e  i s  a  r e q u i r e d  f e a t u r e  o f  m o s t  
m o d e rn  f a b r i c a t e d  c o m p o n e n t s . N o t c h i n g  a  t e s t  s p e c im e n  i n  an  
im p a c t  t e s t  w i l l  p r o d u c e  a  s t r e s s  c o n c e n t r a t i o n  a t  t h e  n o t c h  a n d  
w i l l  r e s u l t  i n  a  l o w e r  i n i t i a t i o n  e n e r g y  f o r  c r a c k  p r o d u c t i o n .  
H e n ce ,  i t  w i l l  h a v e  a  l o w e r  i m p a c t  e n e r g y  t h a n  f o r  a n  u n n o t c h e d  
l i g a m e n t  o f  s i m i l a r  l e n g t h .  T h e b e r g e  an d  H u l l 9 9  h a v e  i n d i c a t e d  
d i s c r e p a n c i e s  b e tw e e n  n o t c h e d  a n d  u n n o t c h e d  s p e c im e n s  f o r  g l a s s
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f i b r e  f i l l e d  t h e r m o p l a s t i c s  o v e r  a  r a n g e  o f  t h e r m o p l a s t i c s .  T hey  
o b s e r v e d  o p p o s i t e  t r e n d s  f o r  t o u g h n e s s  v e r s u s  f i b r e  f r a c t i o n  i n  
t h e  n o t c h e d  a n d  u n n o t c h e d  s p e c i m e n s .  D a v i s 1 0 0  c o n f i r m e d  
s i m i l a r  o b s e r v a t i o n s .  The i m p a c t  r e s i s t a n c e  o f  t h e  u n n o tc h e d  
s a m p l e s  d e c r e a s e d  w i t h  i n c r e a s i n g  v o lu m e  f r a c t i o n  o f  f i b r e s  
b e c a u s e  e a c h  a d d i t i o n a l  f i b r e  i s  a  new p o t e n t i a l  d i s c o n t i n u i t y .  
The n o t c h e d  s p e c im e n s  d e m o n s t r a t e d  a n  i n c r e a s e  i n  i m p a c t  
r e s i s t a n c e  w i t h  i n c r e a s i n g  v o lu m e  f r a c t i o n  o f  f i b r e s  b e c a u s e  t h e  
b i g g e s t  d i s c o n t i n u i t y  was a l r e a d y  b u i l t  i n ,  i n  t h e  fo rm  o f  t h e  
n o t c h .  The f i b r e s  i n  t h e  n o t c h e d  s a m p l e s  a c t i n g  m a i n l y  t o  im p ed e  
t h e  c r a c k  r u n n i n g  o u t  o f  t h e  n o t c h .
Thom as a n d  M ey e r 3 7  h a v e  i n v e s t i g a t e d  t h e  e f f e c t  o f  f i b r e  
d i s p e r s i o n  u p o n  t h e  t o u g h n e s s .  T hey  show ed  t h a t  o p t i m a l  
t o u g h n e s s  i s  a c h i e v e d  when t h e  f i b r e s  a r e  o r i e n t a t e d  
p e r p e n d i c u l a r l y  t o  t h e  p l a n e  o f  t h e  c r a c k .  T h i s  c o n f i g u r a t i o n  
p r o d u c e s  t h e  maximum c o n t r i b u t i o n  f ro m  f i b r e  p u l l - o u t ,  a n d  m akes 
f i b r e  a v o i d a n c e  d i f f i c u l t .
I n  t h e  c a s e  o f  low  f i b r e  f r a c t i o n s ,  t h e r e  may b e  a  r e d u c t i o n  
i n  i m p a c t  r e s i s t a n c e  o v e r  t h e  u n r e i n f o r c e d  m a t e r i a l .  R a m s t e i n e r  
a n d  T h e y s o h n 5 0  e x p l a i n e d  t h i s  by  s u g g e s t i n g  t h a t  a d d i n g  b r i t t l e  
f i b r e s  t o  a  d u c t i l e  m a t r i x  w i l l  r e d u c e  t h e  e l o n g a t i o n  t o  f a i l u r e  
o f  t h e  c o m p o s i t e ,  y e t ,  a t  t h e  sam e t i m e ,  t h e  c o n t r i b u t i o n  d u e  t o  
f i b r e  p u l l - o u t  w i l l  b e  t o o  s m a l l  t o  i n f l u e n c e  t o u g h n e s s .  A t 
h i g h e r  f i b r e  f r a c t i o n s ,  when t h e  d u c t i l i t y  i s  f u r t h e r  r e d u c e d  t h e  
p u l l - o u t  c o n t r i b u t i o n  i s  l a r g e  e n o u g h  t o  c o m p e n s a t e  f o r  t h i s  
m a t r i x  e m b r i t t l e m e n t .  I n c r e a s i n g  t h e  f i b r e  f r a c t i o n  f u r t h e r  
r e s u l t s  i n  e v e n  h i g h e r  t o u g h n e s s  up  t o  a  maximum v a l u e ,  a f t e r
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w h ic h  i t  d e c l i n e s  d u e  t o  f i b r e / f i b r e  i n t e r a c t i o n s  a s  t h e  a v e r a g e  
d i s t a n c e  b e tw e e n  a d j a c e n t  f i b r e s  g e t s  s m a l l e r .
B a i l e y  a n d  B a d e r 1 0 1  p e r f o r m e d  f r a c t u r e  t o u g h n e s s  t e s t s  on  
a  s e r i e s  o f  g l a s s - f i b r e  f i l l e d  p o ly a m id e  co m p o u n d s ,  c o n t a i n i n g  
r u b b e r  d i s p e r s i o n s .  T hey  d e m o n s t r a t e d  t h a t  t h e  im p r o v e m e n t  o f  
t o u g h n e s s  w as f a r  g r e a t e r  a t  h i g h e r  s t r a i n  r a t e s . From a  s t u d y  
o f  f r a c t u r e  m o rp h o lo g y  t h e y  p o s t u l a t e d  t h a t  f i b r e - m a t r i x  
d e b o n d i n g  i s  t h e  c o n t r o l l i n g  f a c t o r  a t  low  s t r a i n  r a t e s ,  b u t  t h a t  
t h e  m a t r i x  h a s  m ore  i n f l u e n c e  a t  h i g h e r  s t r a i n  r a t e s .
The i n f l u e n c e  o f  t h e  a d h e s i v e  f o r c e s  a t  t h e  f i b r e - m a t r i x  
i n t e r f a c e  on  t h e  i m p a c t  b e h a v i o u r  a n d  f r a c t u r e  m o rp h o lo g y  o f  
s h o r t  f i b r e  r e i n f o r c e d  e l a s t o m e r  m o d i f i e d  p o l y p r o p y l e n e ,  w as 
i n v e s t i g a t e d  by  S t a m h u i s 102. P o o r  a d h e s i o n  r e s u l t s  i n  
i n t e r f a c i a l  f r a c t u r e  s o l e l y  by  f i b r e - m a t r i x  d e b o n d i n g ,  a s  
e v i d e n c e d  by  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  on  t h e  f r a c t u r e  
s u r f a c e s .  P u l l e d - o u t  f i b r e s  e x h i b i t e d  p r i s t i n e  f i b r e  s u r f a c e s .  
T h i s  i s  a c c o m p a n ie d  by  r e l a t i v e l y  lo w  i m p a c t  s t r e n g t h s .  By 
c o n t r a s t ,  i n c r e a s e d  a d h e s i o n  l e a d s  t o  f r a c t u r e  n o t  o n l y  by  f i b r e -  
m a t r i x  d e b o n d i n g ,  b u t  a l s o  by  c r a c k  p r o p a g a t i o n  t h r o u g h  t h e  
e l a s t o m e r i c  p h a s e  a t  t h e  f i b r e  s u r f a c e .  T h i s  m e c h a n ism  i s  
t h o u g h t  t o  b e  r e s p o n s i b l e  f o r  t h e  r e m a r k a b l e  i n c r e a s e  o f  t h e  
i m p a c t  s t r e n g t h .  A f t e r  t h i s  p r o c e s s ,  p u l l e d - o u t  f i b r e s  a r e  l e f t  
w i t h  a n  a d h e r e n t  s h e a t h  o f  m a t r i x  o n  t h e i r  s u r f a c e .
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Figure 2.1 Schematic representation of projected length method of 
determining fibre orientation in a three dimensional 
random composite material.
i
Figure 2.2 Determination of fibre orientation in a thin section,
fa) orientation defined by angles alpha and beta, and 
(b) orientation defined by the shape and orientation of 
fibre cross-section.
Figure 2.3 Stereo graphic projection representing orientation of fibres 
in a thin section. Injection moulding direction is shown 
and the plane of the diagram is parallel to the plane of 
the section. Fibres are oriented preferentially in the mould  
fill direction.
F ig u r e  2 .4 Leung Sc Li consider four different eases: (a) elastic 
stage; (b) debonding from  the loaded fibre end;
(c) debonding from  the embedded fibre end; and 
(a) debonding from  both fibre ends.
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Figure 2.5 The micromechanical models of Voigt and Reuss.
Figure 2.6 Cox model fibres embedded in a polymer matrix.
F i b r e
AT LOW STRAINS
Figure 2.7 Load transfer model as proposed by Cox. As the
composite strain is increased, the length at the fibre 
ends over which the load is shed, up to the m axim um  
load is increased.
M a t r i x
F i b r e
A l o n g  F i b r e
TRANSFER LENGTH 
AT HIGH STRAINS
I f r o * 1
Figure 2.8 Variation of the fibre tensile stress, and 
the interface stress, along the length of 
a short fibre embedded in a m atrix  
under tensile load:
(a) Cox model;
(b) Kelly-Tyson m odel
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Figure 2.9 The transfer length for a Cox model 
Fibre can be taken at the intersection 
of the fibre stress curve where 90% 
of the m axim um  composite load, is 
carried in the fibre.
1E / E 0
Figure 2.10
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A n g l e  S u b t e n d e d  b e t w e e n  
L o a d  a n d  F i b r e  D i r e c t i o n
Tsai elastic theory of the modulus response with  
change of fibre angle to the applied load.
Tsai-Hill
F i b r e  a n g l e ,  8  ( d e g r e e s )
Figure 2.11 Tensile strength of aligned continuous fibre  
material as a function of angle
Figure 2.12 Force equilibrium when an embedded fibre is pulled  
out of a matrix.
AaT
crys
Figure 2.13 Dugdale argued that the effective crack length is 
larger than its physical length, by a distance Aan
3 .  COMPOSITE FABRICATIO N AND MECHANICAL TESTIN G
3 . 1 .  MATERIALS PRODUCTION
3 . 1 . 1 .  B a se  M a t e r i a l s
The b a s e  p o ly m er  u s e d  i n  t h i s  s t u d y  i s  a p o l y p r o p y le n e  
hom opolym er powder t o  w h ich  a p rem ix e d  a d d i t i o n  o f  pow dered  
s t a b i l i s e r s ,  a n t a c i d  p h e n o l i c s  and a n t i o x i d a n t s  i s  made, a t  a 
l e v e l  o f  0.9% by w e ig h t  o f  t h e  b a s e  p o ly m e r .  P o l y o l e f i n  r u b b er  
g r a n u l e s  a r e  i n t r o d u c e d  a t  l e v e l s  b e tw e e n  z e r o  and 40% by w e ig h t  
o f  t h e  b a s e  p o ly m e r .  A c o m m e r c ia l ly  a v a i l a b l e  E - g l a s s  i s  added  
t o  p r o d u c e  n o m in a l  f i b r e  f r a c t i o n s  o f  0 , 1 5 , 30 and 40% by w e ig h t  
o f  t h e  f i n a l  compound. A c o u p l i n g  a g e n t  may a l s o  b e  i n c o r p o r a t e d  
t o  p rom ote  g r e a t e r  a d h e s io n  b e tw e e n  t h e  p o ly m er  and t h e  f i b r e .  
In  g r a d e s  w here  t h e  c o u p l i n g  a g e n t  i s  u s e d  i t  i s  added  a t  a 
s t a n d a r d  p e r c e n t a g e  by w e ig h t  o f  t h e  b a s e  p o ly m e r ,  ( t h e  e x a c t  
l e v e l  i s  n o t  d i s c l o s e d  f o r  r e a s o n s  o f  c o n f i d e n t i a l i t y ) , G rades  
c o n t a i n i n g  l e v e l s  o f  t h e  c o u p l i n g  a g e n t  h i g h e r  and lo w e r  th a n  t h e  
s t a n d a r d  h a v e  a l s o  b e e n  p r o d u c e d .
By v a r y in g  t h e  c o m p o s i t i o n ,  a number o f  g r a d e s  w ere  
p r o d u c e d ,  e a c h  o f  w h ich  i s  g i v e n  a s im p le  r e f e r e n c e  c o d e .  The 
c o d e  c o n s i s t s  o f  f o u r  c h a r a c t e r s .  The f i r s t  two l e t t e r s ,  AH, 
s i g n i f y  t h a t  t h e  m a t e r i a l  was p ro d u ced  by m y s e l f .  The n e x t  
c h a r a c t e r  s i g n i f i e s  when t h e  m a t e r i a l  was o r i g i n a l l y  com pounded.  
M a t e r i a l  c o d e d  w i t h  a 7 was compounded i n  November 1 9 8 7 ,  m a t e r i a l  
co d ed  w i t h  a 2 was compounded i n  May 1 9 8 8 .  U n le s s  o t h e r w i s e  
s t a t e d ,  t h e  co u p o n s  and p la q u e s  w ere  i n j e c t e d  a t  t h e  same t im e
t h a t  t h e  m a t e r i a l  was com pounded. The f i n a l  c h a r a c t e r  i s  a l e t t e r  
w h ich  d e n o t e s  a p a r t i c u l a r  g r a d e ,  A-N. T a b le  3 . 1 ,  d e t a i l s  a l l  
t h e  g r a d e s  p r o d u c e d .
A l l  g r a d e s  w ere  p ro d u ced  from  n o m in a l ly  i d e n t i c a l  s t o c k ,  and  
p r o c e s s e d  u n d er  c o n d i t i o n s  a s  s i m i l a r  a s  was p r a c t i c a b l y  
p o s s i b l e .
3 . 1 . 2 .  E x t r u s i o n  Compounding
I t  i s  e s s e n t i a l  t o  m ix f u l l y  t h e  c o n s t i t u e n t '  com p on en ts  o f  
t h e  m a t e r i a l  g r a d e  w h ich  a r e  t o  be  f e d  t o  t h e  i n j e c t i o n  m o u ld in g  
m a c h in e .  The d e g r e e  o f  h o m o g e n is a t io n  i s  c o n t r o l l e d  by t h e  l e v e l  
o f  s h e a r .  The s h e a r  w i t h i n  t h e  i n j e c t i o n  m o u ld er  i s  n o t
s u f f i c i e n t  t o  compound t h e  " i n g r e d i e n t s "  f u l l y ,  and w et  o u t  t h e  
f i b r e s  t o  t h e  n e c e s s a r y  e x t e n t  t o  p r o d u ce  a hom ogeneous m a t r ix  
and f u l l y  bonded  c o m p o s i t e .  T h is  t a s k  i s  p e r fo rm ed  by e x t r u s i o n  
co m p o u n d in g .
P o l y p r o p y le n e  b a s e  p o ly m e r ,  s t a b i l i s e r s ,  c o u p l i n g  a g e n t  
p ow ders and r u b b er  g r a n u l e s  a r e  w e ig h e d  i n t o  q u a n t i t i e s  
a p p r o p r i a t e  t o  t h e  r e q u i r e d  g r a d e .  T h ese  co m p o n en ts ,  w i t h  t h e  
e x c e p t i o n  o f  t h e  g l a s s  f i b r e ,  a r e  m ixed r o u g h ly  i n  an
H e n sc h e l^ 3  ^ m ix e r .  The m ix i s  f e d  t o  t h e  e x t r u d e r  and t h e
f i b r e  i s  ad d ed . F l i g h t s  on t h e  s c r e w s  a r e  a n g le d  i n  s u c h  a 
manner t h a t  t h e y  i n c r e a s e  t h e  s h e a r  i n  t h e  m e l t ,  m ix t h e
com p on en ts  and b r e a k  up t h e  f i b r e s .  A vacuum i s  a p p l i e d  t o  t h e
3^ * The H e n s c h e l  m ix e r  c o n s i s t s  o f  a  l a r g e  s t a i n l e s s  s t e e l  
drum i n t o  w h ich  pow der and g r a n u l e s  a r e  l o a d e d .  C o u n t e r - r o t a t i n g  
p a d d le s  w i t h i n  t h e  drum p r o d u c e s  t u r b u l e n t  m o t io n  and m ix  t h e  
c o n s t i t u e n t  e l e m e n t s .
8 0
v e n t e d  e x t r u d e r  b a r r e l  a t  t h e  d e c o m p r e s s io n  z o n e ,  n e x t  t o  t h e  
n o z z l e ,  t o  f a c i l i t a t e  t h e  r em o v a l o f  unw anted v o l a t i l e s  su c h  a s  
any r e m a in in g  w a te r  o r  d e c o m p o s i t i o n  p r o d u c t s  from  t h e  m o lte n  
p o ly m e r .  The amalgam o f  com p on en ts  m e l t s  and becomes m ixed  w i t h i n  
th e  b a r r e l ,  b e f o r e  b e in g  s q u e e z e d  o u t  o f  t h e  d i e .  A c o n t in u o u s  
l a c e  o f  m a t e r i a l  i s  h a u le d  from t h e  d i e  and c o o l e d  i n  a i r  o r  
w a t e r .  T h is  l a c e  i s  ch op p ed  i n t o  g r a n u l e s  a p p r o x im a t e ly  3mm i n  
l e n g t h  and 2mm i n  d ia m e t e r ,  and t h e n  d r i e d  i n  o v e n s  p r i o r  t o  
i n j e c t i o n  m o u ld in g .
3 . 1 . 3 .  I n j e c t i o n  M ou ld in g
The s i n g l e  s c r e w  i n j e c t i o n  m o u ld in g  m ach in e  r e m e l t s  t h e  
g r a n u l e s  p r i o r  t o  t h e  h y d r a u l i c  ram i n j e c t i n g  t h e  m o l t e n  p o ly m er  
b le n d  i n t o  a m ou ld . The c a s t  com ponent i s  t h e n  c o o l e d  and  
e j e c t e d  from  t h e  m ou ld .
As f a r  a s  p r a c t i c a b l e ,  t h e  m o u ld in g  c o n d i t i o n s  w ere  k e p t  
c o n s t a n t  i n  o r d e r  t o  m in im iz e  p o s s i b l e  m i c r o s t r u c t u r a l  
d i f f e r e n c e s  w h ich  may o c c u r  d u r in g  t h i s  p r o c e d u r e .  M ou ld in g  was 
c a r r i e d  o u t  a t  t h e  maximum p o s s i b l e  i n j e c t i o n  p r e s s u r e ,  w i t h o u t  
in d u c in g  " f l a s h i n g "  ^ , i n  o r d e r  t o  o b t a i n  good  d im e n s io n a l  
s t a b i l i t y ,  a v e r t  v o i d i n g  and r e d u c e  s i n k i n g .  A minimum l e v e l  o f  
b ack  p r e s s u r e  was a p p l i e d  c o n s i s t e n t  w i t h  s u c c e s s f u l  m ould  
f i l l i n g  and f i b r e  d i s p e r s i o n .  The d e g r e e  o f  p r e p l a s t i c i s a t i o n
 ^ ) " f l a s h i n g "  i s  e x h i b i t e d  a s  e x c e s s  p o ly m er  b e i n g  s q u e e z e d  
o u t  o f  t h e  m ould c a v i t y  i n t o  t h e  s p a c e  b e tw e e n  t h e  m ould h a l v e s .  
I t  i s  g e n e r a l l y  c a u s e d  by t h e  i n j e c t i o n  p r e s s u r e  e x c e e d i n g  t h e  
m ould c la m p in g  p r e s s u r e .
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was k e p t  t o  a minimum i n  o r d e r  t o  a v o id  s i g n i f i c a n t  f i b r e  
a t t r i t i o n .
Each s y s te m  g r a d e  had an i n i t i a l  p r o d u c t io n  run o f  t h i r t y  
'd o g  b o n e '  t e n s i l e  t e s t  s p e c im e n s ,  s i x t y  u n n o tc h e d  c h a rp y  t y p e  
s p e c im e n s ,  t h i r t y  h e a t  d i s t o r t i o n  b a r s ,  and t h i r t y  150mm x 150mm 
c o a t  h a n g e r  g a t e d  p l a q u e s ,  a l l  n o m in a l ly  3mm i n  t h i c k n e s s ,  f i g u r e  
3 . 0 .  The 'd o g  b o n e '  t e n s i l e  s p e c im e n s ,  h e a t  d i s t o r t i o n  b a r s ,  and  
Charpy t e s t  p i e c e s  w ere  a l l  s i d e  g a t e d .  S id e  g a t i n g  r e d u c e s  t h e  
p r o b a b i l i t y  o f  j e t t i n g ^ 5  ^ and p r o d u c e s  a more u n ifo r m  mould  
f i l l .  C oat h a n g e r  g a t i n g  t h e  p la q u e s  p r o d u c e s  a u n ifo r m  f lo w  o f  
m a t e r i a l  i n t o  t h e  mould from  t h e  w h o le  o f  one e d g e .  T h is  r e s u l t s  
i n  g r e a t e r  a l ig n m e n t  and o r i e n t a t i o n  o f  f i b r e s  i n  t h e  f i n a l  
p r o d u c t .
P la q u e s  o f  450mm x 450mm x 10mm from g r a d e s  AH2A,BrC, and  
D w ere  i n j e c t i o n  m oulded i n  F e b r u a r y  1 9 89 .  T h e se  t h i c k e r  p la q u e s  
w ere  p r o d u ce d  p r i m a r i l y  t o  be  m ach in ed  i n t o  f r a c t u r e  m e c h a n ic s  
t e s t  p i e c e s .  The m o u ld in g s  w ere  g a t e d  s o  a s  t o  p r o d u ce  
c o n s i s t e n t  f i b r e  a l ig n m e n t  e i t h e r  s i d e  o f  a c e n t r a l  w e ld  l i n e .
(5) " j e t t i n g "  r e s u l t s  i n  p o o r  m ould f i l l i n g ,  and i s  c a u s e d  
by i r r e g u l a r  s q u i r t i n g  o f  t h e  p o ly m er  m e l t  i n t o  t h e  m ould c a v i t y .
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3 . 2 .  MECHANICAL TESTING
3 . 2 . 1 .  T e s t  P i e c e  A n n e a l in g
A l l  t e s t  p i e c e s  w ere  p l a c e d  b e tw e e n  g l a s s  p l a t e s ,  t o  e n s u r e  
t h a t  t h e y  r em a in ed  f l a t ,  and a n n e a le d  f o r  2 h o u rs  a t  130°C . They  
w ere  t h e n  l e f t  t o  f u r n a c e  c o o l  p r i o r  t o  t e s t i n g .  T h is  i s  done  
t o  a l l e v i a t e  any i n t e r n a l  s t r a i n s  o r  a g e in g  e f f e c t s  r e s i d e n t  
w i t h i n  t h e  t e s t  co u p o n .
3 . 2 . 2 .  T e n s i l e  M e c h a n ic a l  T e s t i n g
T e n s i l e  t e s t i n g  was p e r fo rm ed  a t  room te m p e r a tu r e  u s i n g  an 
I n s t r o n  1196 t e s t i n g  m ach in e  a t  a c r o s s  h ead  s p e e d  o f  50mm/min. 
A l l  t e n s i l e  m e c h a n ic a l  p r o p e r t y  t e s t s  w ere  c a r r i e d  o u t  on t h e  
i n j e c t i o n  m oulded d o g -b o n e  t e n s i l e  t e s t  p i e c e s .
E x t e n s i o n s  o f  up t o  12% o f  t h e  80mm g a u g e  l e n g t h  w ere  
m easu red  u s i n g  an e x t e n s o m e t e r ,  w i t h  a 50mm g a u g e  l e n g t h .  
E x t e n s i o n s  a b o v e  12% a r e  ta k e n  d i r e c t l y  from t h e  I n s t r o n  c h a r t  
r e c o r d i n g  o f  l o a d  a g a i n s t  c r o s s  h ead  t r a v e l .  A minimum o f  t e n  
s p e c im e n s  from  e a c h  g r a d e  w ere  t e s t e d .  Each datum p r e s e n t e d  on  
t h e  g r a p h s  o f  t e n s i l e  p r o p e r t i e s  r e p r e s e n t s  t h e  a v e r a g e  o f  a l l  
t h e  t e s t  r e s u l t s .  The e r r o r  b a r s  r e p r e s e n t  t h e  f u l l  s p r e a d  o f  
r e s u l t s  w i t h i n  a g r a d e .
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3 . 2 . 3 .  M o d u lu s
F or  t h e  b a s e  p o ly m er  and i t s  f o r m u l a t i o n s  t h e  t e n s i l e  s t r e s s  
s t r a i n  r e s p o n s e  i s  n o n - l i n e a r  from  i t s  o r i g i n .  A ^% s e c a n t  
r e g r e s s i o n  was c o n s i d e r e d  t h e  m ost  s u i t a b l e  m ethod o f  e v a l u a t i n g  
t h e  m o d u lu s ,  f i g u r e  3 . 1 .
A P o lym er  L a b o r a t o r i e s  Dynamic M e c h a n ic a l  Therm al A n a ly s e r  
(DMTA) was u s e d  t o  e v a l u a t e  t h e  f l e x u r a l  m odulus o f  t h e  
p r e l i m i n a r y  g r a d e s  (AH1A-J) ,  u n d er  t h r e e - p o i n t  b e n d in g  a t  room 
t e m p e r a t u r e .  H eat d i s t o r t i o n  b a r s  w ere  t e s t e d  a t  a maximum 
d i s p l a c e m e n t  o f  6 2 . 5  m ic r o n s  and a t  a f r e q u e n c y  o f  1 Hz, w i t h  an  
un clam ped  f r e e  l e n g t h  o f  16mm.
F u r t h e r  f l e x u r a l  t e s t s  w ere  p e r fo rm ed  on p la q u e  m a t e r i a l  
from a l i m i t e d  number o f  g r a d e s .  The p u rp o se  o f  t h e  t e s t s  was 
t o  com pare t h e  f l e x u r a l  p r o p e r t i e s  o f  n o m in a l ly  i d e n t i c a l  g r a d e s  
w h ich  w ere  p ro d u ced  i n  d i f f e r e n t  c a m p a ig n s .  The t e s t s  w ere  
p er fo r m ed  u s i n g  an I n s t r o n  on 3mm t h i c k  p la q u e s  a t  1mm/min a t  
room t e m p e r a t u r e . M a t e r i a l  g r a d e s  i n v e s t i g a t e d  i n  t h i s  manner  
w ere  t h e  30% ru b b er  f i l l e d  b a s e  p o ly m er  AH1D and AH2B, and t h e  
30% g l a s s  f i l l e d  b a s e  p o ly m er  AH1F and AH2C.
3 . 2 . 4 .  S t r e n g t h
The t e n s i l e  y i e l d  s t r e n g t h  i s  ta k e n  a t  t h e  u p p er  y i e l d  
p o i n t ,  and i s  d e te r m in e d  from  t h e  s t r e s s / s t r a i n  c u r v e s  o f  t h e  
i n d i v i d u a l  g r a d e s .
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U n i a x i a l  c o m p r e s s io n  t e s t s  w ere  c a r r i e d  o u t  on 3mm t h i c k  
p la g u e  m a t e r i a l  from g r a d e s  AH1D, IF, 2B, 2C. In  t h i s  t e s t  t h e  
s t r e s s  i s  a p p l i e d  t o  t h e  p la q u e s  by p a r a l l e l  d i e s .  The t e c h n iq u e  
a l l o w s  a y i e l d  s t r e s s  t o  be  d e te r m in e d  f o r  p la n e  s t r a i n  
c o n d i t i o n s .  T h is  y i e l d  v a l u e  d i f f e r s  from t h a t  m easu red  by  
t e n s i l e  t e s t i n g ,  o r  in d e e d  any m easurem ent t h a t  can  b e  ta k e n  from  
t h e  t e n s i l e  s t r e s s  s t r a i n  r e s p o n s e .  The r e a s o n  f o r  t h i s  
d i s t i n c t i o n  l i e s  i n  t h e  f a c t  t h a t  t h e  p la n e  s t r a i n  c o m p r e s s io n  
t e s t  p r o d u c e s  a y i e l d  v a l u e  w h ich  i s  more o f  a t r u e  m a t e r i a l s  
p r o p e r t y  and i s  n o t  s u b j e c t  t o  t h e  f r a c t u r e  n u c l e a t i o n  p r o c e s s e s  
a s s o c i a t e d  w i t h  t e n s i l e  f r a c t u r e .  In  t h i s  manner i t  i s  p o s s i b l e  
t o  m easu re  a c c u r a t e l y  a r e p r e s e n t a t i v e  y i e l d  s t r e n g t h  f o r  a 
m a t e r i a l  w h ich  e x h i b i t s  f r a c t u r e  m echanism s a t  o r  n e a r  y i e l d  i n  
t e n s i o n .
3 . 2 . 5 .  S t r a i n - t o - Y i e l d / F a i l u r e
As i n d i c a t e d  a b o v e ,  e x t e n s i o n s  b e lo w  12% a r e  m easu red  u s i n g  
an e x t e n s o m e t e r . Above t h a t ,  t h e  e x t e n s i o n s  a r e  ta k e n  from  t h e  
p l o t  o f  c r o s s - h e a d  t r a v e l .  The s t r a i n - t o - f a i l u r e  i s  ta k e n  a s  t h e  
s t r a i n ,  b o t h  e l a s t i c  and p l a s t i c ,  a t  t h e  p o i n t  o f  f r a c t u r e .  The 
s t r a i n - t o - y i e l d  i s  ta k e n  a t  t h e  t e n s i l e  y i e l d  p o i n t .  S t r a i n  
r e s u l t s  w ere  o n ly  ta k e n  a s  b e in g  " s i g n i f i c a n t "  i f  t h e  coupon  
f a i l e d  b e tw e e n  t h e  e x t e n s o m e t e r  g r i p s .  However, t h o s e  w h ich  
f a i l e d  o u t s i d e  o r  a t  t h e  e x t e n s o m e t e r  g r i p s ,  show ed good  
a g r ee m e n t  w i t h  t h e  v a l i d  r e s u l t s .
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3 . 3 .  MECHANICAL PROPERTY RESULTS
3 . 3 . 1 .  D ata  P r e s e n t a t i o n  o f  M e c h a n ic a l  P r o p e r t i e s
The r e s u l t s  o f  a l l  t h e  m e c h a n ic a l  t e s t i n g  c a r r i e d  o u t  i n  
t h i s  p r o j e c t  a r e  d e p i c t e d  i n  t h i s  s e c t i o n  b o th  i n  t a b u l a t e d  form  
( t a b l e  3 . 2 )  and a s  g r a p h i c a l  p l o t s  ( f i g u r e s  3 . 3 - 3 . 1 4 ) .  The l a r g e  
number o f  v a r i a b l e s  in c o r p o r a t e d  i n  t h i s  work makes t h e  g r a p h i c a l  
r e p r e s e n t a t i o n  o f  any o n e  p r o p e r t y  v e r y  c o n f u s i n g  w here  a l l  t h e  
s y s t e m s  a r e  p r e s e n t e d  on a s i n g l e  p l o t .  I t  i s  t h e r e f o r e  
n e c e s s a r y  t o  p l o t  e a c h  m e c h a n ic a l  p r o p e r t y  t h r e e  t i m e s ,  e a c h  t im e  
a g a i n s t  a d i f f e r e n t  c o m p o s i t e  com ponent ( i . e .  g l a s s  c o n t e n t ,  
ru b b er  c o n t e n t ,  c o u p l i n g  l e v e l ) .  T h is  makes p r o p e r t y  t r e n d s  
e a s i e r  t o  o b s e r v e .  I n d i v i d u a l  p o i n t s  on t h e  p l o t s  a r e  l a b e l l e d  
w it h  t h e  l a s t  two d i g i t s  o f  t h e i r  r e f e r e n c e  c o d e  i . e .  AH2D i s  
shown a s  2D, and AH1J a s  1J. The p u r p o se  o f  t h i s  i s  t o  e n a b le  
e a s i e r  r e f e r e n c e  and t o  show i n  a c l e a r e r  manner t h e  d i f f e r e n c e  
b e tw e en  m a t e r i a l s  p ro d u ced  i n  t h e  two c a m p a ig n s .
3 . 3 . 2 .  T e n s i l e  T e s t s
The s t r e s s / s t r a i n  r e s p o n s e  o f  t h e  i n d i v i d u a l  g r a d e s  d i f f e r e d  
q u i t e  c o n s i d e r a b l y .  T h ere  f o l l o w s  a b r i e f  d e s c r i p t i o n  o f  t h e  
b a s i c  t e n s i l e  s t r e s s / s t r a i n  t r e n d s  f o r  t h e  g e n e r a l  g r a d e s ,  f i g u r e
3 . 2 .
C o m p o s ite  g r a d e s  w h ich  do n o t  c o n t a i n  any g l a s s  u n d erg o  
" d ra w in g ” when t e s t e d  i n  t e n s i o n .  T h is  i s  e x h i b i t e d  a s  a f u r t h e r  
i n c r e a s e  i n  t h e  l o a d  c a r r i e d  by t h e  sp e c im e n  a f t e r  i n i t i a l  y i e l d
8 6
l o a d  d rop  and n e c k in g  o f  t h e  s p e c im e n .  T h is  e f f e c t  i s  c a u s e d  by  
a l ig n m e n t  o f  t h e  p o ly m er  m o l e c u l e s  w i t h i n  t h e  n e c k e d  r e g i o n  o f  
t h e  sp e c im e n  when l o a d e d .  The e n e r g y  r e q u i r e d  t o  i n i t i a t e  
f r a c t u r e  i n  t h e  n e c k e d  r e g i o n  i s  g r e a t e r  th a n  t h e  e n e r g y  r e q u i r e d  
t o  draw t h e  r e g i o n s  o u t s i d e  t h e  n e c k .  The n e c k  w i l l  th u s  grow  
down t h e  l e n g t h  o f  t h e  s p e c im e n .  N e c k in g  i s  prom oted  by  
i n c r e a s i n g  t e m p e r a tu r e  and d e c r e a s i n g  s t r a i n  r a t e .
The u n c o u p le d  f i b r e  f i l l e d  g r a d e s ,  and r u b b er  m o d i f i e d  f i b r e  
f i l l e d  g r a d e s ,  c o n t i n u e  t o  s u p p o r t  a r e d u c e d  l o a d  f o l l o w i n g  t h e  
i n i t i a l  y i e l d  p o i n t .  The c o u p le d  f i b r e  f i l l e d  g r a d e s  f a i l  a t  
i n i t i a l  maximum l o a d .
The y i e l d  s t r e s s  r e s u l t s ,  f i g u r e s  3 . 3 ,  3 . 4 ,  3 . 5 ,  show t h e  
t r e n d s  e x p e c t e d  from r u l e - o f - m i x t u r e  a p p r o x im a t io n s .  I n c r e a s i n g  
g l a s s  and r u b b er  c o n t e n t s  l e a d s  t o  i n c r e a s e  and d e c r e a s e  
r e s p e c t i v e l y  i n  t h e  y i e l d  s t r e s s  i n  a l i n e a r  m anner. The l e v e l  
o f  c o u p l i n g  a p p e a r s  t o  i n c r e a s e  t h e  y i e l d  s t r e s s  l i n e a r l y  up t o  
t h e  s t a n d a r d  c o n c e n t r a t i o n .  Beyond t h i s ,  some i n c r e a s e  i s  
o b s e r v e d  b u t  n o t  a t  t h e  same r a t e .
The e f f e c t  o f  a d d in g  any g l a s s  t o  t h e  p o ly m er  b le n d  i s  t o  
r e d u c e  i t s  s t r a i n - t o - y i e l d  s i g n i f i c a n t l y ,  f i g u r e  3 . 6 .  T h is  i s  
a c o n s e q u e n c e  o f  two m echanism s w h ich  b r in g  a b o u t  e m b r i t t l e m e n t  
and c o n t r o l  t h e  t e n s i l e  f a i l u r e  m ech a n ism s . The f i r s t  o f  t h e s e ,  
r e p o r t e d  by S a t o  e t  a l 1, p r o p o s e s  t h a t  d e b o n d in g  i s  i n i t i a t e d  a t  
t h e  f i b r e  en d s  o f  o r i e n t e d  f i b r e s ,  w h i l s t  m i s a l i g n e d  f i b r e s  w ere  
o b s e r v e d  t o  be  more p ro n e  t o  debond a lo n g  t h e i r  i n t e r f a c e s .  The 
s e c o n d  e m b r i t t l e m e n t  e f f e c t  was o b s e r v e d  by C o l l i n s 2 , who showed  
t h a t  m a t r ix  c r a c k in g  r e s u l t s  from t h e  f i b r e  end d e b o n d in g ,  g i v i n g
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r i s e  t o  penny sh a p ed  c r a c k s  from w h ich  f a i l u r e  o f  t h e  m a t r ix  
i n i t i a t e s  s u b s e q u e n t l y .  T h ese  e f f e c t s  com bine t o  r e d u c e  t h e  
t e n s i l e  s t r a i n - t o - y i e l d .
I n c r e a s i n g  ru b b er  c o n t e n t  i n  g e n e r a l  t e n d s  t o  i n c r e a s e  t h e  
s t r a i n - t o - y i e l d  by i n c r e a s i n g  t h e  d u c t i l i t y  o f  t h e  m a t r ix ,  f i g u r e  
3 . 7 .  T h is  w i l l  d e l a y  d e b o n d in g  o f  t h e  f i b r e s  and th u s  t h e  
a b i l i t y  f o r  penny sh a p ed  c r a c k s  t o  i n i t i a t e  a t  f i b r e  e n d s .  In  
t h e  n o n - c o u p le d  f i b r e  f i l l e d  s y s t e m s  t h e  t r e n d  i s  r e v e r s e d  and  
t h e  s t r a i n  t o  y i e l d  f a l l s  s l i g h t l y  w i t h  i n c r e a s i n g  r u b b er  
c o n t e n t .  In  t h e  non c o u p le d  g r a d e s  i t  i s  p r o b a b le  t h a t  t h e  
m a t r ix  s t r e n g t h  d o m in a te s  t h e  f a i l u r e  p r o c e s s e s .  As ru b b er  i s  
added t o  t h e  p o ly p r o p y le n e  t h e  m a t r ix  s t r e n g t h  i s  r e d u c e d  and 
h e n c e  t h e  s t r a i n - t o - y i e l d  i s  a l s o  d im in i s h e d .
I n c r e a s i n g  t h e  l e v e l  o f  c o u p l i n g  i n c r e a s e s  t h e  s t r a i n - t o -  
y i e l d  l i n e a r l y  up t o  t h e  maximum l e v e l  u s e d  i n  t h i s  s e r i e s  o f  
s y s t e m s ,  f i g u r e  3 . 8 .  As t h e  l e v e l  o f  c o u p l i n g  i s  i n c r e a s e d  t h e  
i n t e r f a c i a l  s h e a r  s t r e n g t h  may a l s o  be  i n c r e a s e d .  T h is  w ould  
m a n i f e s t  i t s e l f  a s  an i n c r e a s e  i n  t h e  lo a d  r e q u i r e d  t o  i n i t i a t e  
m a t r ix  c r a c k i n g  and d e b o n d in g  a t  f i b r e  e n d s ,  and th u s  an i n c r e a s e  
i n  t h e  l o a d  and s t r a i n  t o  y i e l d .  The l e v e l  o f  c o u p l i n g  h a s  a 
more p ro n o u n ced  e f f e c t  th a n  t h e  l e v e l  o f  g l a s s  on t h e  s t r a i n  t o  
y i e l d .
The a d d i t i o n  o f  g l a s s  t o  any o f  t h e  s y s t e m s  r e d u c e s  t h e  
s t r a i n  t o  f a i l u r e ,  f i g u r e  3 . 9 .  The g l a s s  p a r t i c l e s  due t o  t h e i r  
m odulus m ism atch  and weak i n t e r f a c i a l  bon d , a t  h ig h  l o a d s  a c t  a s  
i n t e r n a l  d e f e c t s  and i n i t i a t e  f a i l u r e  p r o c e s s e s .
The s t r a i n  t o  f r a c t u r e  i n c r e a s e s  w i t h  ru b b er  c o n t e n t  a s  t h e  
d u c t i l i t y  and c o m p l ia n c e  o f  t h e  m a t r ix  i s  i n c r e a s e d ,  f i g u r e  3 . 1 0 .
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The e f f e c t  o f  t h e  ru b b er  on t h e  f r a c t u r e  mode i s  t o  e n h a n ce  t h e  
e n e r g y  a b s o r b in g  p r o c e s s e s  o c c u r r i n g  a t  and around t h e  c r a c k  t i p .  
M i c r o c a v i t a t i o n  and c r a z i n g ,  h a s  b e e n  o b s e r v e d  i n  r u b b er  
to u g h e n e d  m a t e r i a l s  by Wu3 . The c o m p l ia n c e  o f  t h e  r u b b e r  s e r v e s  
t o  make t h e  p a r t i c l e s  a c t  a s  h o l e s  i n  t h e  p o l y p r o p y l e n e .  T h is  
r e d u c e s  t h e  s t i f f n e s s  and i n i t i a t e s  v o i d i n g  and c r a z i n g .  In  t h i s  
way, e x t r a  e n e r g y  i s  a b s o r b e d  d u r in g  f r a c t u r e  by i n c r e a s i n g  t h e  
volum e o f  m a t e r i a l  w h ich  p a r t i c i p a t e s  around t h e  c r a c k .
The 0.5% s e c a n t  m o d u li  i n c r e a s e  and d e c r e a s e  l i n e a r l y  w i t h  
i n c r e a s i n g  g l a s s  and ru b b er  c o n t e n t  r e s p e c t i v e l y ,  f i g u r e s  3 . 1 1 ,  
3 . 1 2 .  T h ese  t r e n d s  a r e  p r e d i c t e d  by t h e  r u l e s  o f  m ix t u r e s  
a p p r o x im a t io n s  when a d d in g  s e c o n d  and t h i r d  p h a s e s  m a t e r i a l s  w i t h  
s u b s t a n t i a l l y  h i g h e r  and lo w e r  m o d u l i .  The e f f e c t  o f  a d d in g  
ru b b er  t o  t h e  p o ly p r o p y le n e  m a t r ix  i s  t o  r e d u c e  t h e  m odulus o f  
t h e  c o m p o s i t e  t o  an e x t e n t  f a r  g r e a t e r  th a n  t h a t  p r e d i c t e d  by  
p a r t i c u l a t e  r u l e  o f  m ix t u r e s  a p p r o x i m a t i o n s . T h is  w i l l  be  
d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  c h a p t e r  6 .
I n c r e a s i n g  t h e  l e v e l  o f  c o u p l i n g  t o  any p a r t i c u l a r  s y s te m  
im p ro v e s  t h e  m odulus a t  low  a d d i t i o n s ,  b u t  h a s  l i t t l e  e f f e c t  a t  
h i g h e r  l e v e l s ,  f i g u r e  3 . 1 3 .  The a d d i t i o n  o f  t h e  c o u p l i n g  a g e n t  
t o  an u n c o u p le d  s y s te m  p r o d u c e s  a  v i s c o - e l a s t i c  bond th u s  
i n c r e a s i n g  b o th  t h e  i n t e r f a c i a l  s h e a r  s t r e n g t h  and i n t e r f a c i a l  
s h e a r  m o d u lu s .  The a d d i t i o n a l  l o a d  now a b l e  t o  b e  t r a n s f e r r e d  
i n t o  t h e  f i b r e s  w i l l  a c c o u n t  f o r  t h e  c o m p o s i t e  m od ulus i n c r e a s e  
a t  lo w  l e v e l s  o f  t h e  c o u p l i n g  a g e n t .  Once t h e  c o u p le d  v i s c o ­
e l a s t i c  bond i s  c r e a t e d  any f u r t h e r  a d d i t i o n  o f  c o u p l i n g  a g e n t  
w i l l  n o t  s i g n i f i c a n t l y  im p rove  t h e  i n t e r f a c i a l  s h e a r  m o d u lu s .  
H en ce, t h e  c o m p o s i t e  m odulus d o e s  n o t  i n c r e a s e  w i t h  f u r t h e r
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a d d i t i o n s  o f  c o u p l i n g  a g e n t .  H ow ever, t h i s  i s  n o t  t o  be  c o n f u s e d  
w it h  t h e  s h e a r  s t r e n g t h  o f  t h e  i n t e r f a c e .  The s h e a r  s t r e n g t h  o f  
t h e  i n t e r f a c e  d e t e r m in e s  t h e  maximum l o a d  w h ich  t h e  i n t e r f a c e  can  
s u p p o r t  b e f o r e  d e b o n d in g  o c c u r s .  The i n t e r f a c i a l  s h e a r  s t r e n g t h  
may be i n c r e a s e d  by t h e  f u r t h e r  a d d i t i o n s  o f  c o u p l i n g  a g e n t  and  
w ould  th u s  a f f e c t  p r o c e s s e s  c o n t r o l l e d  by f i b r e  d e b o n d in g ,  su c h  
a s  y i e l d  s t r e n g t h  and t o u g h n e s s .  H ow ever, su c h  a m echanism  by  
w h ich  t h i s  w ould  o c c u r  a p p e a r s  u n l i k e l y .
The m e c h a n ic a l  p r o p e r t y  r e s u l t s  show a c l e a r  d i f f e r e n c e  
b e tw e en  b a t c h e s  p ro d u ced  i n  t h e  two c a m p a ig n s .  W ith in  e a c h  b a t c h  
AH1 and AH2 t h e  p r o p e r t y  t r e n d s  a r e  c o n s i s t e n t ,  b u t  b e tw e en  t h e  
b a t c h e s  t h e r e  i s  an i n c o n s i s t e n c y .  The s p e c im e n s  from  t h e  two  
ca m p aign s  w ere  t e s t e d  a t  d i f f e r e n t  t i m e s .  To e n s u r e  t h a t  t h e  
o b s e r v e d  d i f f e r e n c e s  w ere  f e a t u r e s  o f  t h e  d i f f e r e n t  p r o d u c t io n  
c a m p a ig n s ,  and n o t  o f  t h e  t e s t i n g  t e c h n i q u e ,  a l i m i t e d  number o f  
r e t e s t s  was p e r fo r m e d .  S p ec im en s  from n o m in a l ly  i d e n t i c a l  
g r a d e s  from t h e  two b a t c h e s  w ere  a n n e a le d  and t e s t e d  t o g e t h e r .  
The r e s u l t s  a r e  g i v e n  i n  t a b l e  3 . 3 .  From t h e s e  r e t e s t s  i t  
a p p e a r s  t h a t  t h e r e  i s  a c l e a r  d i f f e r e n c e  i n  m e c h a n ic a l  p r o p e r t i e s  
b e tw e e n  n o m in a l ly  i d e n t i c a l  g r a d e s  from th e  d i f f e r e n t  p r o d u c t io n  
c a m p a ig n s .
The b a s e  p o ly m er  e x h i b i t s  i d e n t i c a l  p r o p e r t i e s  f o r  b o th  
b a t c h e s .  H ow ever, t h e  a d d i t i o n  o f  f i b r e  o r  r u b b e r  p r o d u c e s  
d i f f e r i n g  r e s u l t s .  The m o d u li  o f  n o m in a l ly  i d e n t i c a l  g r a d e s  a r e  
t h e  sam e. C o m p a ra tiv e  s p e c im e n s  from  d i f f e r e n t  b a t c h e s ,  w h ich  
h a v e  n o m in a l ly  i d e n t i c a l  g r a d e s ,  f o l l o w  i d e n t i c a l  l o a d / e x t e n s i o n  
r e l a t i o n s h i p s  when s t r a i n e d .  H owever, s p e c im e n s  from t h e  s e c o n d  
b a t c h  y i e l d  a t  a f a r  lo w e r  s t r a i n  th a n  s p e c im e n s  o f  t h e  same
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g r a d e  from t h e  f i r s t  b a t c h .  T h is  r e s u l t s  i n  a lo w e r  y i e l d  s t r e s s  
and s t r a i n  t o  y i e l d / f r a c t u r e . T h is  i s  p r o b a b ly  c a u s e d  by a 
d i f f e r e n c e  i n  t h e  m i c r o f r a c t u r e / y i e l d  modes o c c u r r i n g  i n  t h e  
r e g i o n  o f  t h e  f i b r e / m a t r i x  i n t e r f a c e . '  The r e a s o n  f o r  t h i s
d i f f e r e n c e  i s  n o t  c l e a r  s i n c e  m a t e r i a l s  and p r o c e s s  c o n d i t i o n s  
w ere  k e p t  c o n s t a n t  a s  f a r  a s  p o s s i b l e .
The p la n e  s t r a i n  m odulus r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  t h e  
t e n s i l e  t e s t  r e s u l t s  and show a s l i g h t l y  h ig h e r  m odulus f o r  t h e  
c o u p le d  g l a s s  from t h e  f i r s t  b a t c h  o f  m a t e r i a l s ,  and a h i g h e r  
m odulus f o r  t h e  ru b b er  to u g h e n e d  g r a d e  o f  t h e  s e c o n d  b a t c h .  The 
r e s u l t s  o f  t h e  y i e l d  s t r e n g t h  m easu red  in  u n i a x i a l  c o m p r e s s io n  
show an 18% d i f f e r e n c e  b e tw e en  t h e  g l a s s  f i l l e d  m a t e r i a l .  T h ere  
was no d i f f e r e n c e  i n  t h e  r u b b er  to u g h e n e d  g r a d e s ,  a s  was
s i m i l a r l y  o b s e r v e d  i n  t h e  t e n s i l e  t e s t s .
3 . 3 . 3 .  Dynamic M e c h a n ic a l  M odulus A n a l y s i s
The m odulus v a l u e s  o b t a i n e d  from t h e  DMTA a r e  f a r  b e lo w  
t h o s e  o b t a i n e d  from t e n s i l e  t e s t s ,  f i g u r e  3 . 1 4 .  The m odulus i n  
t h r e e  p o i n t  b e n d in g  s h o u ld  be h i g h e r  th a n  t h a t  o b t a i n e d  from  a 
t e n s i l e  t e s t  b e c a u s e  t h e r e  i s  a g r e a t e r  c o n t r i b u t i o n  from t h e  
f i b r e s  o r i e n t e d  i n  th e  s t r e s s e d  d i r e c t i o n  a t  t h e  s u r f a c e .  A l s o ,  
a s  t h e  DMTA u s e s  a lo w e r  s t r a i n ,  t h e  e f f e c t i v e  g r a d i e n t  o f  t h e  
l o a d / e x t e n s i o n  grap h  a t  t h a t  p o i n t  i s  h ig h e r  and s h o u ld  th u s  
p r o d u ce  a h i g h e r  m o d u lu s . The m ach in e  p r o d u c e s  a s t r a i n  r a t e  o f  
a p p r o x im a t e ly  o n e  s i x t h  o f  t h a t  o f  a t e n s i l e  t e s t ,  ( 0 .0 0 1 8 s " 1
DMTA, 0 . 0 1 "1 t e n s i l e ) .  The s t r a i n s  i n v o l v e d  i n  t h e  two t e s t s
v a r y ,  444 m i c r o s t r a i n  maximum f o r  t h e  DMTA and 5000 m i c r o s t r a i n
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f o r  t h e  t e n s i l e  t e s t .  The r e s u l t s  h a v e  b e e n  c o n f ir m e d  by t h e  
eq u ip m en t m a n u fa c tu r e r s  on s i m i l a r  a n a l y s e r s ,  t a b l e  3 . 4 .
Even th o u g h  i t  i s  n o t  e a s y  t o  e x p l a i n  t h e  g e n e r a l l y  low  
m odulus v a l u e s  o b t a i n e d  by t h i s  t e s t i n g  t e c h n i q u e ,  some 
i n t e r e s t i n g  o b s e r v a t i o n s  and h y p o t h e s e s  can  be  made. The m od uli  
o f  t h e  c o u p le d  g r a d e s  a r e  c o n s i s t e n t l y  lo w e r  th a n  t h o s e  from t h e  
u n c o u p le d  g r a d e s . T h is  t r e n d  c o m p l e t e l y  c o n t r a d i c t s  t h e  r e s u l t s  
from t h e  t e n s i l e  t e s t s .  A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  l i e s  i n  
t h e  d i f f e r e n t  n a t u r e  o f  t h e  f i b r e / m a t r i x  i n t e r f a c e  i n  t h e  
d i  f f e r e n t  g r a d e s .
The p r im a ry  d i f f e r e n c e  b e tw e e n  t h e  c o u p le d  and u n c o u p le d  
g r a d e s  i s  t h e  i n t e r f a c i a l  bond b e tw e e n  t h e  f i b r e  and t h e  m a t r ix .  
In  t h e  u n c o u p le d  g r a d e s  t h e  i n t e r f a c i a l  bond w i l l  be  o f  a 
f r i c t i o n a l  n a t u r e ,  w h ich  i s  d e v e lo p e d  from a d i f f e r e n c e  i n  
th e r m a l  c o n t r a c t i o n  b e tw e e n  t h e  f i b r e  and m a t r ix  upon f r e e z i n g .  
F i b r e s  i n  t h e  c o u p le d  g r a d e s  a r e  p h y s i c a l l y  bonded t o  t h e  m a t r ix  
due t o  t h e  a d d i t i o n  o f  t h e  c o u p l i n g  a g e n t .  The r e s u l t a n t  bond  
w i l l  h a v e  a v i s c o - e l a s t i c  r e s p o n s e .
In  t h e  u n c o u p le d  g r a d e s  a s  t h e  c o m p o s i t e  i s  s t r a i n e d ,  l o a d  
i s  t r a n s f e r r e d  from  t h e  m a t r ix  th r o u g h  t h e  f r i c t i o n a l  i n t e r f a c e  
i n t o  t h e  f i b r e s .  At lo w  l o a d s  t h e  f r i c t i o n a l  i n t e r f a c e  w i l l  be  
t o o  weak t o  t r a n s f e r  t h e  l o a d ,  and t h e  f i b r e  w i l l  s l i p  w i t h i n  t h e  
m a t r i x .  In  t h e  c o u p le d  g r a d e s  t h e  a p p l i e d  lo a d  i s  t r a n s f e r r e d  
i n t o  t h e  f i b r e s  th r o u g h  t h e  v i s c o - e l a s t i c  i n t e r f a c e  i n  a s i m i l a r  
m anner. H ow ever, t h e  i n t e r f a c i a l  s h e a r  s t r e n g t h  i s  h i g h e r  th a n  
t h a t  o f  t h e  f r i c t i o n a l  bond, and can  th u s  t r a n s f e r  g r e a t e r  
maximum l o a d s .  T h is  a c c o u n t s  f o r  t h e  i n c r e a s e d  s t i f f n e s s  o f  t h e  
c o u p le d  g r a d e s  i n  t h e  t e n s i l e  t e s t .  The DMTA t e s t  a p p l i e s  much
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lo w e r  l o a d s  and s t r a i n s  t o  t h e  s p e c im e n s  th a n  d o e s  t h e  t e n s i l e  
t e s t .  I t  i s  p o s s i b l e  t h a t  a t  t h e s e  low  lo a d s  t h e  f r i c t i o n a l  
i n t e r f a c i a l  s h e a r  s t r e n g t h  o f  t h e  u n c o u p le d  g r a d e s  i s  n o t  
e x c e e d e d .  I f  t h e  s h e a r  m odulus o f  t h e  f r i c t i o n a l  i n t e r f a c e  o f  
t h e  u n c o u p le d  g r a d e s  was g r e a t e r  th a n  t h a t  o f  t h e  v i s c o - e l a s t i c  
i n t e r f a c e  o f  t h e  c o u p le d  g r a d e s ,  t h e n  a t  low  l o a d s  t h e  o b s e r v e d  
m odulus t r e n d s  c o u ld  b e  a c c o u n t e d  f o r .
R e f e r e n c e s
S a to  N . ,  K urauchi T . , S a to  S . and K a m ig a ito  0 .  
Mechanism o f  F r a c t u r e  o f  S h o r t  G la s s  F ib r e  R e in f o r c e d  
P olyam id e  T h e r m o p la s t ic .
J. Mat. Sci. 19, p 1 145,  1984.
2.  C o l l i n s  J . F .
The—S t r e n g t h  and B eh a v io u r  o f  S h o rt  G la s s  F ib r e  R e in f o r c e d
P o lyam id e  6 .
Phd Thesis. Surrey Univ. 1981.
3 .  Wu S . J .
Im pact F r a c tu r e  Mechanisms i n  Polym er B le n d s .
J. Polym. Sci. 21, p699, 1983.
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N O M IN A L  C O M P O S IT E  G R A D E S
TABLE 3 . 1
A l l  c o m p o s i t i o n s  a r e  i n  w e ig h t  p e r c e n t ,  w i t h  t h e  e x c e p t i o n  o f  t h e  
l e v e l  o f  c o u p l i n g  w h ich  i s  g i v e n  a s  a f r a c t i o n  o f  t h e  s ta n d a r d  
l o a d i n g .
Code
P olym er
(%)
S t a b i l i s e r
(%)
Rubber
(%)
C o u p l in g
(%)
G la s s
(%)
AH1A 9 9 . 1 0 0 . 9 0
AH1B 9 9 . 1 0 0 . 9 0 1 . 00
AH1C 8 9 . 1 0 0 . 9 0 1 0 . 0
AH1D 6 9 . 1 0 0 . 9 0 3 0 . 0
AH1E 6 9 . 3 7 0 . 6 3 3 0 . 0
AH1F 6 9 . 3 7 0 . 6 3 1 . 00 3 0 . 0
AH1G 6 2 . 3 7 0 . 6 3 7 . 0 3 0 . 0
AH1H 4 8 . 3 7 0 . 6 3 21 . 0 3 0 . 0
AH11 6 2 . 3 7 0 . 6 3 7 . 0 1 . 00 3 0 . 0
AH1J 4 8 . 3 7 0 . 6 3 21 . 0 1 . 00 3 0 . 0
AH2A 9 9 . 1 0 0 . 9 0
AH2B 6 9 . 1 0 0 . 9 0 3 0 . 0
AH2C 6 9 . 3 7 0 . 6 3 1 . 00 3 0 . 0  I
AH 2D 4 8 . 3 7 0 . 6 3 21 . 0 1 . 00 3 0 . 0
AH2E 5 8 . 7 4 0 . 7 7 2 5 . 5 1 . 00 1 5 . 0
AH2F 5 8 . 7 4 0 . 7 7 2 5 . 5 1 5 . 0
AH2G 41 .4 6 0 . 5 4 1 8 . 0 1 . 00 4 0 . 0
AH2H 41 .4 6 0 . 5 4 1 8 . 0 4 0 . 0
AH2I 5 5 . 3 7 0 . 6 3 1 4 . 0 1 . 00 3 0 . 0
AH2J 5 5 . 3 7 0 . 6 3 1 4 . 0 3 0 . 0
AH2K 41 .3 7 0 . 6 3 2 8 . 0 1 . 00 3 0 , 0
AH2L 41 .3 7 0 . 6 3 2 8 . 0 3 0 . 0
AH2M 4 8 . 3 7 0 . 6 3 21 . 0 0 . 5 0 3 0 . 0
AH2N 4 8 . 3 7 0 . 6 3 21 . 0 1 . 92 3 0 . 0
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TABLE 3 . 2
MECHANICAL PROPERTY RESULTS
Code Y i e l d
S t r e s s
(MPa)
S t r a i n - t o
- Y i e l d
(%)
S t r a i n - t o
- F a i l u r e
(%)
1 / 2 °
S e c a n t
M odulus
(GPa)
AH1 A 3 8 . 7 0 1 2 . 0 0 3 7 . 0 0 1 . 87
AH1B 3 8 . 9 0 1 2 . 1 0 3 6 . 4 0
AH1C 3 3 . 4 0 1 2 . 0 0 7 0 . 7 0
AH1D 2 4 . 3 0 1 9 . 6 0 >2 6 0 . 0 0 1 . 09
AH1E 4 9 . 5 0 2 . 2 4 3 . 01 6 . 7 5
AH1F 1 0 7 . 9 0 3 . 0 0 3 . 0 0 7 . 4 4
AH1G 3 9 . 4 0 1 . 1 2 4 . 3 9 5 . 9 6
AH1H 2 9 . 6 0 0 . 8 8 1 0 . 0 3 4 . 7 7
AH11 9 8 . 8 0 3 . 2 3 3 . 2 3 7 . 0 5
AH1J 7 3 . 6 0 5 . 5 6 5 . 5 6 5 . 4 6
AH2A 3 9 . 7 3 8 . 9 7 2 . 0 6
AH2B 2 4 . 1 7 1 3 . 9 0 1 . 1 7
AH2C 81 .7 7 1 .6 0 1 .6 0 7 . 3 4
AH2D 6 7 . 8 7 2 . 71 2 . 71 5 . 61
AH2E 5 5 . 4 0 3 . 6 2 3 . 6 2 3 . 5 2
AH2F 2 3 . 2 3 1 . 11 3 . 2 0
AH2G 7 9 . 4 3 2 . 8 2 2 . 8 2 7 . 0 5
AH2H 3 3 . 6 0 0 . 7 8 5 . 8 2
AH2I 8 0 . 0 3 2 . 4 6 2 . 4 6 6 . 0 7
AH2J 31 .7 7 1 .3 6 4 . 8 0 5 . 21
AH2K 6 5 . 3 7 4 . 5 4 4 . 6 8 5 . 0 0
AH2L 2 2 . 0 3 0 . 7 6 1 0 . 8 7 4 . 0 3  ;
AH2M 51 .5 7 1 .3 6 1 .3 6 5 . 6 7
AH2N 7 7 . 3 0 4 . 0 5 4 . 1 2 5 . 7 9
Code F l e x u r a l
M odulus
( E / 1 - V 2 ) n
F l e x u r a l  
Modulus  
( E / 1 - V 2 )gQ__
C o m p r e ss iv e  
Y i e l d  S t r e n g t h  
(MN/m2 )
AH2C 5 . 3 8 2 . 6 4 100
AH1F 5 . 6 9 2 . 9 2 116
AH2B 0 . 8 6 0 . 8 0 23
AH1D 0 . 8 2 0 . 8 0 23
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TABLE 3 . 3
MECHANICAL RETESTS
Code Primary Test 
Results
(%)
Retest
Results
(%)
Difference  
Between Tests 
(%)
Difference  
Between Grades 
(%)
Yie ld  Stress  (ME’a)
AH1A 38.70 38.20 1.3' -2.90
AH2A 39.73 39.30 1.1
AH1D 24.30 23.93 1 .5 1.10
AH2B 24.17 23.67 2.1
AH1F 107.90 104.30 3.3 19.80
AH2C 81 .77 83.67 -2.3
AH1J 73.60 73.30 0.4 8.60
AH2D 67.87 67.00 1 .3
St]rain-to-Y ield (%)
AH1A 12.0 10.44 13.0 9.0
AH2A 8.99 9.50 -5.9
AH1D 19.6 >12.50
AH2B 13.9 >12.50
AH1F 3.0 2.56 14.6 33.5
AH2C 1 .60 1 .70 -6. 6
AH1J 5.56 4.87 r 12.4 42.7
AH2D 2.71 2.79 -2. 9
Str;a in-to-F ailure (%)
AH1A 37.00
AH2A 39.73
AH1D >260.00
AH2B
AH1F 3.00 2.56 14.57 33.5
AH2C 1 .60 1 .70 -6.56
AH1J 5.56 5.14 7.55 45.8
AH2D 2.71 2.79 -2.95
1/2° JSecant Modulus (GPa)
AH1A 1 .87 -2.67
AH2A 2.06 1 .92 6.80
AH1D 1 .09 -2.39
AH2B 1 .17 1.11 5.12
AH1F 7.44 7.62 -2.42 8.14
AH2C 7.34 7.00 4.63
AH1J 5.46 5.52 -1.10 2.72
AH2D 5.60 5.37 4.23
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TABLE 3 . 4
M achine: P o lym er L a b o r a t o r i e s  D. M. T. A.
C lam ping: D ual C a n t i l e v e r
1 6mm f r e e  l e n g t h
C a l i b r a t i o n :  A = 9 . 4 9
B = 0 . 1 6 0
C = 5 . 0 1 9
D = 2 . 4 1 7
F req u e n c y :  3Hz
S t r a i n :  x 4
DYNAMIC MECHANICAL MODULUS
Code Log E* 
P olym er  
L a b o r a t o r i e s
Log E' 
U n i v e r s i t y  
o f  S u rrey
ta n  6 
P olym er  
L a b o r a t o r i e s
t a n  5 
U n i v e r s i t y  
o f  S u rr e y
AH1D 8 . 9 0 1 8 . 7 8 7 0 . 0 5 9 0 . 0 5 8
AH1E 9 . 5 0 5 9 . 3 2 0 0 . 0 2 6 0 . 031
AH1 J 9 . 4 1 0 9 . 2 5 1 0 . 031 0 . 0 3 3
The P o lym er  L a b o r a t o r i e s  d a t a  a r e  i n  c l o s e r  a g r ee m e n t  w i t h  
t h a t  o b t a i n e d  on t h e  t e n s i l e  t e s t e r  a t  S u r r e y .  M easured m odulus  
ca n  b e  c o r r e c t e d  t o  a l l o w  f o r  t h e  movement o f  t h e  sa m p le  u n d er  
t h e  c lam p b a r .  By a c a r e f u l  s t u d y  o f  th e  e f f e c t  o f  sa m p le  f r e e  
l e n g t h  on t h e  m easu red  m odulus and c o r r e c t  sa m p le  c la m p in g ,  th e n  
t h e  d a t a  w h ich  c o r r e l a t e  w e l l  w i t h  o t h e r  t e c h n i q u e s  may be  
o b t a i n e d .
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Figure 3.1 Typical s tress /s tra in  response for a rubber
toughened polypropylene. The mechanical 
properties extracted from  such graphs are 
shown.
S t r a i n  (% )
Figure 3.2 Typical stress/strain response for the
reinforced and toughened grades.
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4 .  MICROSTRUCTURAL CHARACTERISATION
The q u a l i t a t i v e  i n t e r p r e t a t i o n  and m o d e l l i n g  o f  t h e  
m e c h a n ic a l  p r o p e r t i e s  o f  s h o r t  f i b r e  c o m p o s i t e s ,  r e q u i r e s  an 
a c c u r a t e  k n o w led g e  o f  t h e i r  m i c r o s t r u c t u r e .  In  s h o r t  f i b r e  
r e i n f o r c e d  t h e r m o p l a s t i c s  t h e  f i b r e s  g e n e r a l l y  h a v e  a r a n g e  o f  
l e n g t h s  and l i e  i n  a t h r e e  d im e n s io n a l  d i s t r i b u t i o n  w i t h i n  t h e  
m a t r ix .  The q u a n t i f i c a t i o n  o f  t h e  d i s t r i b u t i o n  o f  f i b r e  l e n g t h s  
and t h e i r  r e s p e c t i v e  o r i e n t a t i o n  i s  n e c e s s a r y  f o r  t h e  d e v e lo p m e n t  
and a p p l i c a t i o n  o f  m e c h a n ic a l  m o d e ls .  The s i z e  and d i s t r i b u t i o n  
o f  t h e  r u b b e r  p a r t i c l e s  a i d  an u n d e r s t a n d in g  o f  p o s s i b l e  
t o u g h e n in g  m ech a n ism s. In  t h e  p r e s e n t  c h a p t e r  t h e  r a n g e  o f  
t e c h n i q u e s  u s e d  and d e v e lo p e d  f o r  m i c r o s t r u c t u r a l  
c h a r a c t e r i s a t i o n  a r e  d e s c r i b e d  ( s e c t i o n s  4 .1  t o  4 . 4 )  and  
s u b s e q u e n t l y  ( s e c t i o n  4 . 5 )  t h e  d e t a i l e d  r e s u l t s  a r e  p r e s e n t e d .
4 . 1 .  F IB R E  V O L U M E  F R A C T IO N
C o n s t i t u e n t  m ix in g  and e x t r u s i o n  com pounding a s  d e s c r i b e d  
i n  s e c t i o n  3 . 1 . 2  p r o d u c e s  n o m in a l  f i b r e  f r a c t i o n s  o f  0 t o  40 
p e r c e n t  ( t a b l e  3 . 1 ) .  I t  i s  n e c e s s a r y  t o  c o n f ir m  t h e  a c t u a l  f i b r e  
f r a c t i o n s  o f  t h e  f i n a l  m o u ld in g s .  T h ere  may a l s o  be  d i f f e r e n c e s  
i n  t h e  f i b r e  l o a d i n g  th r o u g h  t h e  t h i c k n e s s  and b r e a d th  o f  
m o u ld in g s .  T h is  i s  due t o  f l o w  c h a r a c t e r i s t i c s  w i t h i n  t h e  m ould .  
The f i b r e  f r a c t i o n  i s  e v a l u a t e d  by t a k i n g  t h e  r e p r e s e n t a t i v e  
s e c t i o n  o f  m o u ld in g ,  b u r n in g  o f f  t h e  m a t r ix ,  and c a l c u l a t i n g  t h e  
r e s u l t a n t  m ass o f  f i b r e s  a s  a f r a c t i o n  o f  t h e  o r i g i n a l  m o u ld in g .
9 8
4 . 1 . 1 .  F i b r e  F r a c t i o n  E v a l u a t i o n
Sam ple s e c t i o n s  u n d er  i n v e s t i g a t i o n  a r e  t h e  e x t r u d e d  
g r a n u l e s ,  b u lk  m oulded t e s t  s p e c im e n s  and p l a q u e s ,  and a l s o  
s e c t i o n s  th r o u g h  t h e i r  t h i c k n e s s  and b r e a d t h .  F i r s t l y ,  c e r a m ic  
c r u c i b l e s  c o n t a i n i n g  t h e  d e s i r e d  m o u ld in g  s e c t i o n  a r e  w e ig h e d .  
The m a t r ix  m a t e r i a l  i s  th e n  b u r n t - o f f  f o r  s i x  h o u r s  i n  an o v en  
h e a t e d  t o  400°C. The m e l t i n g  and o x i d i s i n g  o f  p o ly p r o p y l e n e  can  
be q u i t e  v i g o r o u s ,  b u t  t h e  l o s s  o f  f i b r e s  due t o  c o n v e c t i o n  and  
e s c a p i n g  g a s e s  from t h e  m e l t i n g  p o ly p r o p y le n e  ca n  b e  r e s t r i c t e d  
by u s i n g  a c r u c i b l e  w i t h  a l o o s e  f i t t i n g  l i d .  The s e v e r i t y  o f  
t h e  b u r n in g  o f  t h e  m a t r ix  i s  r e d u c e d  when t h e  sp e c im e n  i s  h e a t e d  
up from room te m p e r a t u r e ,  r a t h e r  th a n  by p l a c i n g  t h e  sp e c im e n  
i n s i d e  t h e  o v e n  a t  t e m p e r a t u r e .
A f t e r  b u r n i n g - o f f ,  t h e  c r u c i b l e s  a r e  r e w e ig h e d .  The volum e  
f r a c t i o n  o f  f i b r e s  i s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t io n :
Vf -   Wf£af   ( 4 . 1 )
(Wf / p £ )+(Wra/ p m)
w h e r e ;
W - w e ig h t  f r a c t i o n  
p * d e n s i t y
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4 . 2 .  F IB R E  LENGTH D IST R IB U T IO N
F i b r e  l e n g t h  d i s t r i b u t i o n s  a r e  p ro d u ced  from r e p r e s e n t a t i v e  
b a t c h e s  o f  f i b r e s  from  b u r n - o f f  t e s t s .  The f i b r e s  a r e  o b s e r v e d  
u n d er  an o p t i c a l  m ic r o s c o p e  and t h e  im age f e d  t o  an im age  
a n a l y s e r .  The a n a l y s e r  e d i t s  c r o s s e d  and t o u c h in g  f i b r e s  
d i g i t a l l y  b e f o r e  t h e y  a r e  m easu red  and c o u n t e d .  A l a r g e  number 
o f  f i b r e s  from  many d i f f e r e n t  f i e l d s  n eed s  t o  be  c o u n t e d  t o  
p r o d u ce  an a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  l e n g t h  d i s t r i b u t i o n .  
A t o t a l  c o u n t  o f  a b o u t  7000 f i b r e s  a p p e a r s  t o  p r o d u ce  a 
r e p r e s e n t a t i v e  d i s t r i b u t i o n  o f  f i b r e  l e n g t h s .
E r r o r s  a r e  i n c u r r e d  by t h e  im age a n a l y s e r  due t o  l o n g  f i b r e s  
c r o s s i n g  b e tw e e n  s e p a r a t e  f i e l d s .  T h e se  e r r o r s  ca n  b e  c o r r e c t e d  
by u s e  o f  a com p u ter  s i m u l a t i o n  and c o r r e c t i o n  program . F ib r e  
l e n g t h  d i s t r i b u t i o n s  a r e  d i s p l a y e d  a s  h i s t o g r a m s .  They can  be  
shown e i t h e r  a s  f i b r e  c o u n t  v e r s u s  l e n g t h ,  o r  more i n f o r m a t i v e l y  
a s  f i b r e  vo lum e v e r s u s  l e n g t h .  F i b r e  volum e ca n  be  e n v i s a g e d  
more s im p ly  a s  t h e  t o t a l  l e n g t h  o f  f i b r e s  w i t h i n  a p a r t i c u l a r  
l e n g t h  f r a c t i o n .  The f o l l o w i n g  s e c t i o n s  4 . 2 . 1  t o  4 . 2 . 1 0  g i v e  a 
d e t a i l e d  a c c o u n t  o f  t h e  im age a n a l y s i s ,  s i m u l a t i o n  and c o r r e c t i o n  
t e c h n i q u e s  d e v e lo p e d  t o  p r o d u ce  a c c u r a t e  f i b r e  l e n g t h  
d i s t r i b u t i o n s .
4 . 2 . 1 .  M a tr ix  B u r n -O ff
To p r o d u ce  f i b r e  f r a c t i o n s  s e p a r a t e  from t h e  m a t r i x ,  c e r a m ic  
c r u c i b l e s  c o n t a i n i n g  r e p r e s e n t a t i v e  m o u ld in g s  a r e  p r e p a r e d .  The
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m a t r ix  m a t e r i a l  i s  b u r n t - o f f  i n  an ov en  a t  400°C f o r  s i x  h o u rs  
i n  a manner i d e n t i c a l  t o  t h a t  d e s c r i b e d  i n  s e c t i o n  4 . 1 . 1 .
4 . 2 . 2 .  O p t i c a l  O b s e r v a t io n  o f  t h e  F i b r e s
A s m a l l  q u a n t i t y  o f  f i b r e s  from t h e  b u r n - o f f  i s  p l a c e d  i n  
t h e  c e n t r e  o f  a m ic r o s c o p e  s l i d e .  The s l i d e  i s  a g i t a t e d  t o  
e n a b le  t h e  f i b r e s  t o  become d i s p e r s e d  more u n i f o r m ly  and  
s e p a r a t e d .  The s l i d e  and f i b r e s  a r e  o b s e r v e d  i n  o p t i c a l  
t r a n s m i s s i o n  m ic r o s c o p y  a t  a r e l a t i v e l y  low  m a g n i f i c a t i o n ,  
t y p i c a l l y  x 4 0 . The optimum m a g n i f i c a t i o n  i s  a com prom ise  b e tw e en  
s e v e r a l  f a c t o r s :
i )  i t -  m ust be  p o s s i b l e  t o  o b s e r v e  and m easu re  t h e  l o n g e s t  
a c t u a l  f i b r e  from t h e  b u r n - o f f  w i t h i n  a s i n g l e  fram e o f  
t h e  im age a n a l y s e r .  I t  w i l l  become a p p a r e n t  i n  s e c t i o n  
4 . 2 . 8 .  t h a t  t h i s  p a r a m e te r  s e t s  up l i m i t a t i o n s  w i t h i n  t h e  
s i m u l a t i o n  and c o r r e c t i o n  a n a l y s i s .  T h is  l i m i t s  t h e  
h i g h e s t  m a g n i f i c a t i o n ;
i i )  e a c h  f i b r e  f e a t u r e  w i t h i n  t h e  d i s p l a y  r e q u i r e s  e l e v e n  
s p a c i a l  p a r a m e te r s  t o  be m easu red  and r e c o r d e d  t o  e n a b le  
a d e s c r i p t i o n  o f  i t s  p o s i t i o n ,  a n g l e ,  e t c .  T h ese  
p a r a m e te r s  a r e  u s e d  t o  s e p a r a t e  c r o s s e d  and t o u c h in g  
f i b r e s .  I f  t o o  many f i b r e  f e a t u r e s  e x i s t  w i t h i n  on e  
f i e l d ,  t h e i r  a s s o c i a t e d  p a r a m e te r s  w i l l  c a u s e  an o v e r f l o w  
w i t h i n  t h e  a n a l y s e r 1sm em ory. T h is  d e t e r m in e s  t h e  l o w e s t  
m a g n i f i c a t i o n ;
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i i i )  lo w  m a g n i f i c a t i o n s  i n c u r  e r r o r s  i n  r e s o l u t i o n  when 
m e a s u r in g  s h o r t  f i b r e  l e n g t h s  o f  t h e  o r d e r  o f  a few  
p i x e l s .
4 . 2 . 3 .  P r o c e s s  S c r e e n  o f  t h e  A n a ly s e r
A monochrome m u l t i s h a d e  im age from  t h e  m ic r o s c o p e  i s  f e d  t o  
t h e  monochrome s c r e e n  o f  a Cam bridge I n s t r u m e n t s  Q u a n tim et 920  
im age a n a l y s e r .  The v i s u a l  d i s p l a y  u n i t  (VDU) o f  t h e  a n a l y s e r  
i s  e f f e c t i v e l y  made up o f  two o v e r l a p p i n g  a r e a s .  The f i r s t ,  
l a r g e r  im a g e , i s  t h e  v i s u a l  s c r e e n  w h ich  e n c o m p a sse s  t h e  w h o le  
o f  t h e  o b s e r v a b l e  f i e l d  o f  t h e  d i s p l a y .  The v i s u a l  s c r e e n  h a s  
d im e n s io n s  880 x 688 p i x e l s .  The s e c o n d ,  s m a l l e r  im a g e , i s  t h e  
l i v e  fram e and i s  p o s i t i o n e d  c e n t r a l l y  w i t h i n  t h e  v i s u a l  s c r e e n .  
The d im e n s io n s  o f  t h e  l i v e  fram e ca n  be  a l t e r e d ,  b u t  f o r  t h e  
p r e s e n t  a n a l y s i s  a r e  s e t  a s  800 x  625 p i x e l s ,  f i g u r e  4 . 1 .
The p u r p o se  o f  h a v in g  two im age fram es  i s  t o  h e l p  rem ove  
a m b i g u i t i e s  a s s o c i a t e d  w i t h  f e a t u r e s  o v e r l a p p i n g  v i s u a l  f i e l d s  
and b e i n g  m easu red  t w i c e .  When f e a t u r e s  a r e  f i n a l l y  m ea su red ,  
i t  i s  o n l y  t h o s e  f e a t u r e s  f o r  w h ich  t h e  l o w e s t  p o i n t  l i e s  w i t h i n  
t h e  l i v e  fram e w h ich  a r e  m ea su r ed .  In  t h i s  way, any f e a t u r e  
w hose l o w e s t  p o i n t  l i e s  o u t s i d e  t h e  p r e s e n t  l i v e  fram e b u t  w i t h i n  
t h e  p r e s e n t  v i s u a l  s c r e e n  w i l l  o n ly  b e  m easured  i n  a c o n t i g u o u s  
l i v e  fra m e , f i g u r e  4 . 2 .  H ence t h e  s t a g e  o f  t h e  m ic r o s c o p e  m ust  
be in c r e m e n t a l l y  moved o n e  l i v e  fram e a t  a t im e .  In  t h i s  way 
e v e r y  f e a t u r e  i s  m easu red  j u s t  o n c e .
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4 . 2 . 4 .  I m a g e  P r o c e s s i n g
F e a t u r e s  l y i n g  w h o l ly  o r  p a r t l y  w i t h i n  t h e  v i s u a l  s c r e e n  and 
w h ich  a r e  d a r k e r  th a n  a p r e s e t  s h a d e ,  a r e  t r e a t e d  a s  a p o s i t i v e  
f e a t u r e .  L i g h t e r  f e a t u r e s  a r e  t r e a t e d  a s  n e g a t i v e  f e a t u r e s .  As 
th e  f i b r e s  a r e  c o n s i d e r a b l y  d a r k e r  th a n  t h e  b a ck g ro u n d , t h e
a n a l y s e r  h a s  l i t t l e  t r o u b l e  i n  r e c o g n i s i n g  them a s  d i s c e r n a b l e  
f e a t u r e s .  A b la c k  and w h i t e  d i g i t a l  im age i s  th u s  a c h i e v e d ,  
f i g u r e  4 . 3 .  A s h a d in g  c o r r e c t i o n  ca n  a l s o  be a p p l i e d  a t  t h i s  
p o i n t  t o  rem ove any p o i n t  o r  s h a d in g  a b e r r a t i o n s  c a u s e d  by t h e  
m ic r o s c o p e  o r  v i d e o  cam era , e . g .  d u s t  on t h e  l e n s e s ,  o r  u n ev en  
l i g h t  d i s t r i b u t i o n .
The t o t a l  f i b r e  l e n g t h  d i s t r i b u t i o n  i s  r e g a r d e d  a s  two
s e p a r a t e  l e n g t h  d i s t r i b u t i o n s .  The f i r s t  o f  t h e s e  e n c o m p a sse s  
f i b r e  f r a g m e n t s ,  i . e .  f e a t u r e s  l e s s  th a n  60 m ic r o n s  i n  l e n g t h .  
F i b r e s  s a t i s f y i n g  t h i s  c r i t e r i o n  w h ich  l i e  w i t h i n  t h e  l i v e  fram e  
a r e  c o u n t e d  and m easured  a t  t h i s  s t a g e .  T h is  i s  n e c e s s a r y  a s  t h e  
s u b s e q u e n t  r o u t i n e ,  w h ich  s e p a r a t e s  c r o s s e d  f i b r e s ,  e f f e c t i v e l y  
rem oves  v e r y  s m a l l  f i b r e s .  F o r t u n a t e l y  f i b r e  f r a g m e n ts  do n o t  
to u c h  o r  c r o s s  o t h e r  f i b r e s  v e r y  o f t e n .  The p r o b a b i l i t y  o f  
f i b r e s  t o u c h in g  i n c r e a s e s  w i t h  f i b r e  l e n g t h ,  t h e r e f o r e  e r r o r s  
i n c u r r e d  by t o u c h in g  f i b r e s  a r e  more s i g n i f i c a n t  a t  l o n g e r  f i b r e  
l e n g t h s .
Many l o n g e r  f i b r e s  a r e  fou n d  t o  be  c r o s s i n g  o r  t o u c h i n g .
I f  s u c h  f i b r e  f e a t u r e s  w ere  n o t  s e p a r a t e d  t h e  a n a l y s e r  w ould
assum e t h a t  any grou p  o f  t o u c h in g  f i b r e s  w ere  a s i n g l e  f i b r e ,  and  
h e n c e  p r o d u c e  an i n c o r r e c t  m easu rem en t, f i g u r e  4 . 4 .  F i b r e s
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w i t h i n  t h e  v i s u a l  s c r e e n  a r e  u n c r o s s e d  and s e p a r a t e d  by a s e r i e s  
o f  im age p r o c e s s i n g  s t e p s :
i )  b e f o r e  t h e  a u to m a ted  d i g i t a l  m a n ip u la t io n  p r o c e e d s  i t  i s  
p o s s i b l e  t o  e d i t  t h e  v i s u a l  s c r e e n  m a n u a lly  t o  rem ove any  
a m b i g u i t i e s ,  su c h  a s  d u s t  o r  e r r o n e o u s  p a r t i c l e s  on t h e  
m ic r o s c o p e  s l i d e ;
i i )  p o s i t i v e  f e a t u r e s  a r e  s k e l e t i s e d .  T h is  h a s  t h e  e f f e c t  o f  
r e d u c in g  t h e  t h i c k n e s s  o f  any f e a t u r e  down t o  a s i n g l e  
p i x e l .  A b a r e  s k e l e t o n  o f  t h e  o r i g i n a l  d i g i t a l  im age i s  
th u s  p r o d u c e d ,  f i g u r e  4 . 5 .  The s k e l e t i s i n g  p r o c e s s  h a s  
t h e  e f f e c t  o f  r e d u c in g  t h e  l e n g t h  o f  t h e  f i b r e s  by h a l f  
o f  t h e i r  o r i g i n a l  t h i c k n e s s  a t  e a c h  e n d .  T h is  r e s u l t s  i n  
a r e d u c t i o n  i n  f i b r e  l e n g t h  o f  a b o u t  13. m ic r o n s .  More 
s i g n i f i c a n t l y ,  f i b r e  f r a g m e n ts  can  be  c o m p l e t e l y  
o b l i t e r a t e d ,  o r  c o n s i d e r a b l y  s h o r t e n e d ,  by t h i s  p r o c e s s .  
I t  i s  f o r  t h e s e  r e a s o n s  t h a t  t h e  f i b r e  f r a g m e n ts  a r e  
m easu red  p r i o r  t o  s k e l e t i s a t i o n ,  a s  d e t a i l e d  a b o v e ;  
i i i )  f i b r e  c r o s s i n g  and t o u c h in g  p o i n t s  a r e  d e t e c t e d ;
i v )  c r o s s i n g  and t o u c h in g  f i b r e s  a r e  s e p a r a t e d  by t h e  
i n s e r t i o n  o f  a s p a c e  a t  t h e i r  i n t e r s e c t i o n .  T h is  h a s  t h e  
e f f e c t  o f  c u t t i n g  any c r o s s i n g  f i b r e s  i n t o  tw o p i e c e s ,  
and r e d u c in g  t h e  l e n g t h  o f  any t o u c h in g  f i b r e s ,  f i g u r e  
4 . 6 ;
v)  t h e  com p u ter  program  d e t e c t s  a l l  t h e  s k e l e t i s e d  f i b r e  
e n d s .  T h e se  may be  n a t u r a l l y  o c c u r r i n g  f i b r e  e n d s ,  o r  
t h o s e  a r t i f i c i a l l y  p r o d u ce d  by s e p a r a t i n g  c r o s s e d  f i b r e s ;
v i )  a t  e a c h  f i b r e  end t h e  com p u ter  c a l c u l a t e s  t h e  a n g l e  a t  
w h ich  t h e  f i b r e  i s  l y i n g .  The a n a l y s e r  d e t e c t s  any o t h e r
1 0 4
f i b r e  en d s  p r e s e n t  w i t h i n  a p r e s e t  v i c i n i t y .  I f  a n o t h e r  
f i b r e  end i s  p r e s e n t ,  t h e  a n a l y s e r  c a l c u l a t e s  t h e  a n g l e  
a t  w h ich  t h e  s e c o n d  f i b r e  i s  l y i n g .  I f  t h e  s e c o n d  f i b r e  
i s  l y i n g  w i t h i n  a p r e s e t  a n g u la r  r a n g e  o f  t h e  f i r s t  f i b r e  
t h e  com p u ter  a ssu m es  t h a t  t h e  s e c o n d  ' f i b r e  i s  an 
e x t e n s i o n  o f  t h e  f i r s t  f i b r e ,  f i g u r e  4 . 7 .  The two f i b r e  
f e a t u r e s  a r e  th e n  rem ea su r ed  a s  a s i n g l e  f i b r e ,  and t h e  
two p r e v i o u s  f e a t u r e s  r e p l a c e d  w i t h  t h e  s i n g l e  new o n e .  
The d i f f i c u l t y  w i t h  t h i s  p r o c e s s  l i e s  i n  t h e  c h o i c e  o f  
v a l u e s  f o r  t h e  box  s i z e  w i t h i n  w h ich  t h e  com p u ter  s c a n s  
f o r  a d j a c e n t  f i b r e s  e n d s ,  and t h e  a n g u la r  r a n g e  w i t h i n  
w h ich  t h e  f i b r e s  can  be  assum ed t o  be  p a r t  o f  t h e  same 
f i b r e .  T h e se  v a l u e s  a r e  d e p e n d a n t  upon f i b r e  d ia m e t e r ,  
l e v e l  o f  m a g n i f i c a t i o n ,  and t h e  d e g r e e  t o  w h ich  f i b r e s  
a r e  s e p a r a t e d  by t h e  u n c r o s s i n g  p r o c e s s .  The v a l u e s  f o r  
t h e s e  p a r a m e te r s  a r e  b e s t  e v a l u a t e d  from t r i a l - a n d - e r r o r  
s i m u l a t i o n s  o f  known f i e l d  d i s t r i b u t i o n s ;
v i i )  t h e  d i g i t a l l y  a d j u s t e d  f i b r e s  a r e  r e m e a s u r e d .  F i b r e s  
w hose l o w e s t  p o i n t  l i e s  w i t h i n  t h e  l i v e  fram e a r e  c o u n te d  
and t h e i r  l e n g t h  r e c o r d e d ,  s e e  s e c t i o n  4 . 2 . 3 ;  
v i i i )  t h e  l o n g  f i b r e  d i s t r i b u t i o n  i s  a d j u s t e d  t o  a c c o u n t  f o r  
t h e  l e n g t h  l o s t  d u r in g  s k e l e t i z a t i o n  (add 13 m i c r o n s ) .  
The s h o r t  and l o n g  f i b r e  d i s t r i b u t i o n s  a r e  com bin ed ;  
i x )  The f i b r e  l e n g t h  d i s t r i b u t i o n s  a r e  d i s p l a y e d  a s  
h i s t o g r a m s  o f  f i b r e  c o u n t ,  o r  summed f i b r e  l e n g t h  
( v o lu m e ) ,  a g a i n s t  f i b r e  l e n g t h .
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4 . 2 . 5 .  E r r o r s  I n c u r r e d  b v  I m a g e  A n a l y s i s
The t e c h n iq u e  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 4 .  r e s u l t s  i n  e r r o r s  
a c r o s s  n e a r l y  t h e  w h o le  d i s t r i b u t i o n  o f  f i b r e  l e n g t h s .  T h e se  a r e  
c a u s e d  by t h e  manner i n  w h ich  t h e  a n a l y s e r  m e a su r es  f i b r e s  w hose  
l e n g t h s  i n t e r s e c t  t h e  p e r i m e t e r  o f  t h e  v i s u a l  s c r e e n .  As s t a t e d  
i n  s e c t i o n  4 . 2 . 3 ,  t h e  p u r p o se  o f  s e t t i n g  up t h e  l i v e  fram e w i t h i n  
t h e  v i s u a l  s c r e e n  i s  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  o f  m e a su r in g  
f i b r e s  t w i c e  i n  a d j a c e n t  im age fr a m e s .  H owever, w i t h  a r a n g e  o f  
f i b r e  l e n g t h s  from  20 t o  2600 m ic r o n s  t h e  l i v e  fram e w ou ld  n e e d  
a minimum s a f e t y  su r ro u n d  o f  2600 m ic r o n s  b e tw e en  i t s e l f  and t h e  
p e r i m e t e r  o f  t h e  v i s u a l  s c r e e n ,  f i g u r e  4 . 8 .  T h is  i s  be  
i m p r a c t i c a b l e  a s  i t  w ou ld :
r e q u i r e  e x c e p t i o n a l l y  lo w  m a g n i f i c a t i o n s ;
e x c e e d  t h e  memory c a p a c i t y  due t o  t h e  l a r g e r  number o f  
f i b r e s  w i t h i n  t h e  v i s u a l  s c r e e n  c a u s e d  by t h e  low  
m a g n i f i c a t i o n ;
r e s u l t  i n  a l o s s  o f  r e s o l u t i o n  and a c c u r a c y  a s  many f i b r e  
f e a t u r e s  w ould  be  s o  s m a l l .
The c i r c u m s t a n c e s  u n d er  w h ich  t h e  a n a l y s e r  w i l l  c o u n t  and  
m easu re  f i b r e s  n e e d s  t o  be  r e i t e r a t e d  i n  more d e p t h .  The 
a n a l y s e r  maps t h e  p o i n t s  o f  t h e  v i s u a l  s c r e e n  u s i n g  X, Y 
c o o r d i n a t e s .  P o s i t i o n  ( 0 , 0 )  i s  p l a c e d  a t  t h e  to p  l e f t  c o r n e r  o f  
t h e  s c r e e n .  X i n c r e a s e s  a c r o s s  t h e  s c r e e n ,  and Y i n c r e a s e s  down 
t h e  s c r e e n .  The a n a l y s e r  w i l l  o n ly  c o u n t  and m easu re  a f i b r e  i f  
i t s  l o w e s t  p o i n t  on t h e  s c r e e n ,  Ymax, i s  w i t h i n  t h e  l i v e  fra m e .  
I f  b o th  Ymax and Ymin a r e  w i t h i n  t h e  l i v e  fram e th e n  t h e  f i b r e  i s
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m easu red  c o r r e c t l y  ( f i g u r e  4 . 9 ,  fibre A). I f  Ymax i s  w i t h i n  t h e  
l i v e  fram e and Ym±n i s  w i t h i n  t h e  v i s u a l  s c r e e n  b u t  o u t s i d e  t h e  
l i v e  fra m e , t h e  f i b r e  i s  a l s o  m ea su red . In  t h e s e  c i r c u m s t a n c e s ,  
i f  t h e  f i b r e  d o e s  n o t  i n t e r s e c t  t h e  p e r im e t e r  o f  t h e  v i s u a l  
s c r e e n  i t  i s  m easu red  c o r r e c t l y  ( f i g  4 . 9 ,  fibre B) . A f i b r e  
w hose Ymax i s  w i t h i n  t h e  l i v e  fra m e , b u t  w hose l e n g t h  b r e a k s  t h e  
p e r i m e t e r  o f  t h e  v i s u a l  s c r e e n ,  i s  m ea su red . H ow ever, t h e  l e n g t h  
i s  m easu red  a s  t h a t  from Ymax t o  w here  t h e  f i b r e  e x i t s  t h e  
p e r im e t e r  o f  t h e  v i s u a l  s c r e e n ,  and i s  th u s  m easu red  i n c o r r e c t l y  
( f i g  4 . 9 ,  fibre C) .
M ea su r in g  a f i b r e  w h ich  i n t e r s e c t s  t h e  p e r im e t e r  o f  t h e  v i s u a l  
s c r e e n  c a u s e s :
an i n c r e a s e  i n  t h e  f i b r e  c o u n t  o f  a s m a l l e r  l e n g t h  r a n g e ;
t h e  l o s s  o f  a c o u n t  t o  t h e  f i b r e s '  a c t u a l  l e n g t h  r a n g e .
The o t h e r  end o f  t h e  f i b r e  w i l l  n o t  be  m easured  a g a in  i n  an 
a d j a c e n t  fram e b e c a u s e  i t s  l o w e s t  p o i n t  w i l l  be o u t s i d e  t h e  l i v e  
fra m e . Over a t o t a l  d i s t r i b u t i o n ,  t h i s  i n c o r r e c t  m e a s u r in g  o f  
f i b r e s  w i l l  p r o d u ce  an a r t i f i c i a l  d i s t r i b u t i o n  w i t h  an i n c r e a s e d  
c o u n t  o f  s h o r t e r  f i b r e s  and a r e d u c e d  c o u n t  o f  l o n g e r  f i b r e s  th a n  
a r e  a c t u a l l y  p r e s e n t  w i t h i n  t h e  s a m p le .
T h e se  p r o b le m s  h a v e  b e e n  r e a l i s e d  i n  a com p u ter  s i m u l a t i o n  
w h ich  c o p i e s  t h e  p r o c e s s  by w h ich  t h e  im age a n a l i s e r  m ea su res  
f i b r e s . The r e s u l t s  o f  t h e  s i m u l a t i o n  a r e  a r e  a p p l i e d  th r o u g h  
a p r o b a b i l i s t i c  m odel t o  t h e  a c t u a l  r e s u l t s  from t h e  im age  
a n a l y s e r  r e s u l t i n g  i n  a c c u r a t e  f i b r e  l e n g t h  d i s t r i b u t i o n s .  A 
f u l l d e s c r i p t i o n  o f  t h e  manner i n  w h ich  t h e s e  c o r r e c t i n g  p r o c e s s e s  
i s  a p p l i e d  and c a l c u l a t e d  a r e  co m p lex  and l e n g t h y .  F or t h e s e
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r e a s o n s  a f u l l  d e s c r i p t i o n  o f  t h e  s i m u l a t i o n  and c o r r e c t i o n  
p r o c e s s e s  a r e  g i v e n  i n  an a p p e n d ix  a t  t h e  end o f  t h i s  c h a p t e r .
4 . 2 . 6 .  L og-N orm al F i b r e  L en g th  D i s t r i b u t i o n s
The c o r r e c t e d  f i b r e  l e n g t h  d i s t r i b u t i o n s  from  t h e  im age  
a n a l y s e r  a p p r o x im a te  lo g - n o r m a l  d i s t r i b u t i o n s ,  i . e .  i f  t h e  FLD 
d a t a  i s  p l o t t e d  o u t  a s  f i b r e  vo lum e v e r s u s  l o g  f i b r e  l e n g t h ,  th e n  
a norm al d i s t r i b u t i o n  i s  o b s e r v e d ,  f i g u r e  4 . 1 0 .
The lo g - n o r m a l  c u r v e  i s  o b t a i n e d  from t h e  d a t a  i n  f o l l o w i n g  
m anner. The f i b r e  vo lum e d a ta  a r e  Logged and s q u a r e  r o o t e d .  T h is  
p r o d u c e s  a p o i n t e d  d i s t r i b u t i o n .  A r e g r e s s i o n  i s  a p p l i e d  t o  t h e  
p o i n t s  on b o th  s i d e s  o f  t h e  p eak  and l i n e s  o f  b e s t  f i t  
c a l c u l a t e d .  The g r a d i e n t  o f  t h e  l i n e s  i s  r e l a t e d  t o  t h e  s ta n d a r d  
d e v i a t i o n  o f  a norm al d i s t r i b u t i o n .  The s ta n d a r d  d e v i a t i o n  i s  
i n s e r t e d  i n t o  t h e  e q u a t io n  r e p r e s e n t i n g  a norm al d i s t r i b u t i o n ,  
and t h e  a r e a  b e lo w  t h e  c u r v e  e q u a te d  t o  t h a t  b e lo w  t h e  o r i g i n a l  
c u r v e .
H ence t h e  c o r r e c t e d  FLD ca n  be  r e p r e s e n t e d  g r a p h i c a l l y  
e i t h e r  i n  t h e  form o f  b a r  c h a r t s ,  o r  i n  t h e  form o f  l o g - n o r m a l  
d i s t r i b u t i o n s  a s  sm ooth  c u r v e s .
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4 . 3 .  F IB R E  ORIENTATION D IST R IB U T IO N
F i b r e  o r i e n t a t i o n  d i s t r i b u t i o n s  a r e  m easured  q u a n t i t a t i v e l y  
i n  a s i m i l a r  manner t o  t h e  f i b r e  l e n g t h  d i s t r i b u t i o n s .  H owever,
f o r  f i b r e  o r i e n t a t i o n  d i s t r i b u t i o n s  t h e  f i b r e s  a r e  o b s e r v e d
w h i l s t  s t i l l  embedded i n  t h e  m a t r ix ,  f i g u r e  4 . 1 1 .
4 . 3 . 1 .  S e c t i o n  C h o ic e
A c r o s s - s e c t i o n a l  p la n e  o f  m oulded  m a t e r i a l  i s  s e l e c t e d  f o r  
a n a l y s i s .  C e n t r a l  c r o s s - s e c t i o n s  from t h e  t h r e e  m ajor a x e s  
( f i g u r e  4 . 1 2 )  g i v e  good  o v e r a l l  d e s c r i p t i o n s  o f  t h e  t h r e e -  
d i m e n s io n a l  o r i e n t a t i o n  s t r u c t u r e  o f  t h e  m oulded co m p on en t, b u t  
a r e  n o t  e a s i l y  a p p l i e d  t o  m e c h a n ic a l  m o d e ls .  The s e c t i o n s  w h ich  
n e e d  t o  be  exam in ed  d epend  upon t h e  m odel d e s c r i p t i o n  in  u s e . 
For e x a m p le ,  i f  t h e  m oulded  com ponent i s  b e i n g  l i k e n e d  t o  a 
c r o s s - p l y  l a m i n a t e ,  th e n  r e p r e s e n t a t i v e  s a m p le s  from  t h r e e  
p a r a l l e l  p l a n e s  n e e d  t o  be t a k e n ,  f i g u r e  4 . 1 3 .
4 . 3 . 2 .  T h in  S e c t i o n  P r e p a r a t i o n
The t h i n  s e c t i o n  can  b e  p r e p a r e d  i n  o n e  o f  two w a y s :
i )  t h e  s e c t i o n  i s  m icro to m ed  t o  a t h i c k n e s s  o f  a b o u t  30
m ic r o n s  a t  room t e m p e r a t u r e .  The m icro to m ed  s l i c e  i s
im m ersed i n  m ic r o s c o p e  o i l  on a s l i d e  u n d er  a c o v e r  s l i p .  
T h is  t e c h n i q u e  w orks f a i r l y  w e l l  a t  low  f i b r e  f r a c t i o n s .  
At h i g h e r  f i b r e  f r a c t i o n s  and when ru b b er  i s  p r e s e n t ,  t h e
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s u r f a c e  o f  t h e  s l i c e  becom es h e a v i l y  d i s f i g u r e d  by 
p u l l e d - o u t ,  b ro k en  f i b r e s  and f i b r e  e n d s ;
i i )  a f a r  more s u c c e s s f u l  t e c h n iq u e  i s  t o  g r i n d ,  r a t h e r  th a n  
s l i c e ,  t h e  s e c t i o n  down t o  t h e  r e q u ir e d  t h i c k n e s s .  The 
s p e c im e n  i s  bonded t o  a m ic r o s c o p e  s l i d e  and c o a r s e l y  
g rou n d  down n e a r  t o  t h e  t h i c k n e s s  r e q u ir e d  f o r  a n a l y s i s .  
T h is  s u r f a c e  i s  th e n  ground  down c a r e f u l l y  on  
s u c c e s s i v e l y  f i n e r  g r a d e s  o f  p a p e r .  The f i n a l  p a p er  u s e d  
i s  a 4000 g r i t .  T h is  p r o d u c e s  an a lm o s t  p o l i s h e d  
s u r f a c e .  A c t u a l  p o l i s h i n g  i s  n o t  recommended a s  t h e  
p o l i s h i n g  f l u i d s  te n d  t o  become embedded and d e f a c e  t h e  
s u r f a c e  o f  t h e  sa m p le .  The sa m p le  i s  rem oved from t h e  
m ic r o s c o p e  s l i d e  by d i s s o l v i n g  away t h e  a d h e s i v e .  The 
s p e c im e n  i s  th e n  bonded w i t h  t h e  f r e s h l y  p r e p a r e d  s u r f a c e  
f a c e  down on a f r e s h  s l i d e .  The a d h e s i v e  n e e d s  t o  bond  
a s  a t h i n  t r a n s p a r e n t  l a y e r  a s  t h i s  s l i d e  w i l l  becom e t h e  
c o v e r  s l i p  f o r  t h e  s a m p le .  An a c r y l o n i t r i l e  g l u e  was 
fo u n d  t o  be v e r y  s u c c e s s f u l  i n  t h i s  a p p l i c a t i o n .  The 
o p p o s i t e  f a c e  o f  t h e  sa m p le  i s  ground down i n  a s i m i l a r  
manner u n t i l  t h e  o v e r a l l  t h i c k n e s s  i s  a b o u t  25 m ic r o n s ,  
d e p e n d in g  upon t h e  f i b r e  l o a d i n g  o f  t h e  s a m p le .  A n o th er  
s l i d e  i s  bonded t o  t h e  f r e s h  s u r f a c e  o f  t h e  sa m p le  
e n c l o s i n g  i t .  T h is  p r e p a r a t i o n  t e c h n iq u e  p r o d u c e s  l i t t l e  
s u r f a c e  d e g r a d a t io n  and f i b r e  dam age.
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4 . 3 . 3 .  I m a g e  A n a l y s i s  o f  FOD
The im age a n a l y s e r  can  be u s e d  t o  r e c o r d  t h e  f i b r e  
o r i e n t a t i o n  d i s t r i b u t i o n  i n  a s i m i l a r  manner t o  t h e  e v a l u a t i o n  
o f  t h e  f i b r e  l e n g t h  d i s t r i b u t i o n s .  The im age a n a l y s e r  i s  s e t  up
a s  f o r  e v a l u a t i o n  o f  t h e  f i b r e  l e n g t h  d i s t r i b u t i o n  w i t h  a few
c h a n g e s ;
i )  t h e  im age fram e i s  s e t  t o  t h e  same s i z e  a s  t h e  v i s u a l  
s c r e e n .  As we a r e  i n t e r e s t e d  i n  t h e  t o t a l  l e n g t h  o f
f i b r e s  a t  a p a r t i c u l a r  a n g l e  i t  i s  n o t  e s s e n t i a l  t h a t  a
s i n g l e  f i b r e  be m easu red  on a s i n g l e  s c r e e n .  A f i b r e  can  
o v e r l a p  b e tw e e n  s e p a r a t e  f i e l d s ,  b u t  i t s  t o t a l  l e n g t h  
w i l l  be  m easured  a t  a s i n g l e  a n g le  (a s su m in g  t h e  f i b r e  i s  
n o t  c u r v e d )  . T h is  a l l e v i a t e s  th e  n eed  f o r  t h e  com p lex  
s i m u l a t i o n  and c o r r e c t i o n  p r o c e d u r e  d e v e lo p e d  f o r  t h e  FLD 
a s  a l l  t h e  f i b r e s  a r e  m easured  c o r r e c t l y ;
i i )  t h e  m a g n i f i c a t i o n  may n e e d  t o  be i n c r e a s e d  a s  t h e  
embedded f i b r e s  a r e  h a r d e r  t o  d i s t i n g u i s h  due t o  t h e  
s u r r o u n d in g  m a t r ix  and p r o x im i t y  o f  o t h e r  f i b r e s ;
i i i )  t h e  f i n a l  o u t p u t  i s  r e c o r d e d  a s  t o t a l  f i b r e  l e n g t h  v e r s u s  
f i b r e  a n g l e .  The f i b r e  a n g l e  i s  m easured  w i t h  r e s p e c t  t o  
t h e  sam p le  e d g e  ( t h e  p r i n c i p a l  m e l t  f lo w  d i r e c t i o n ) .
The a n a l y s e r  i s  s e t  up t o  o b s e r v e  i t s  f i r s t  f i e l d  a t  t h e  
s u r f a c e  o f  t h e  m o u ld in g .  The f i b r e s  w i t h i n  t h i s  f i e l d  a r e  
s e p a r a t e d  d i g i t a l l y  and m ea su red . The f i e l d  o f  v ie w  i s  moved t o  
t h e  n e x t  a d j a c e n t  a r e a  o f  unm easured sam p le  m oving down t h e  m e l t  
f lo w  d i r e c t i o n  (Z d i r e c t i o n ) .  T h is  p r o c e d u r e  i s  r e p e a t e d  u n t i l
111
s u f f i c i e n t  fra m es  h a v e  b e e n  m easured  t o  o b t a i n  a r e p r e s e n t a t i v e  
d i s t r i b u t i o n .  At t h e  end o f  on e  t r a v e r s e  t h e  d a ta  a r e  lo g g e d .  The 
f i e l d  o f  v ie w  i s  moved o n e  fram e d i s t a n c e  away from t h e  s u r f a c e ,
i . e .  o n e  u n i t  i n t o  t h e  m o u ld in g .  The w h o le  p r o c e s s  i s  r e p e a t e d  
f o r  a l l  t h e  s e c t i o n s  th r o u g h  t h e  s a m p le s  t h i c k n e s s  o r  b r e a d t h .  
The r e s u l t  f o r  e a c h  sa m p le  i s  a s e t  o f  v a l u e s  r e p r e s e n t i n g  t h e  
o r i e n t a t i o n  d i s t r i b u t i o n s  a c r o s s  t h e  w id th  o r  b r e a d t h  o f  t h e  
s a m p le ,  ta k e n  down i t s  l e n g t h .
4 . 3 . 4 .  Computer G e n e r a te d  FOD
The FOD and FLD d a ta  w ere com bin ed  i n  a com p u ter  m odel t o  
p r o d u ce  a r t i f i c i a l  o r i e n t a t i o n  d i s t r i b u t i o n s ^ . The m odel  
t a k e s  i n t o  a c c o u n t  t h e  p r o b a b i l i t y  t h a t  a f i b r e  a t  any p o s i t i o n  
w i t h i n  t h e  t w o - d im e n s io n a l  p la n e  h a s  a p a r t i c u l a r  o r i e n t a t i o n .  
T h is  f i b r e  w i t h  i t s  ’w e ig h t e d '  o r i e n t a t i o n  i s  th e n  g i v e n  a l e n g t h  
s i m i l a r l y  'w e ig h t e d '  by t h e  FLD s t a t i s t i c s .  The r e s u l t  i s  a 2 -  
d i m e n s io n a l  im age a n a lo g o u s  t o  t h a t  o f  a t h i n  s e c t i o n  i n  w h ich  
a l l  f i b r e s  l i e  w i t h i n  t h e  p la n e  o f  t h e  s e c t i o n .  A v i s u a l  
co m p a r iso n  can  be  made b e tw e e n  t h e  o b s e r v e d  s e c t i o n s ,  f i g u r e  
4 . 1 1 ,  and t h e  com p u ter  m o d e l ,  f i g u r e  4 . 1 4 ,  b a s e d  upon t h e  im age  
a n a l y s i s .
A l i s t i n g  o f  t h e  Turbo B a s i c  programme d e v e lo p e d  t o  
p e r fo r m  t h i s  o p e r a t i o n  i s  g i v e n  i n  a p p e n d ix  B.
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4 . 4 .  RUBBER PARTICLE D IS P E R SIO N
The p o s i t i o n  o f  t h e  r u b b er  p h a se  can  be  d e te r m in e d  
e x p e r i m e n t a l l y  i n  many w a y s . The ru b b er  p a r t i c l e s  can  be  t a g g e d  
u s i n g  a d ye  o r  h ea v y  e le m e n t  f o r  o p t i c a l  o r  e l e c t r o n  p ro b e  
m ic r o s c o p y .  I t  i s  a l s o  p o s s i b l e  t o  d e t e r m in e  t h e  p o s i t i o n  o f  t h e  
ru b b er  p a r t i c l e s  w i t h i n  t h i n  s e c t i o n s  u s i n g  p h a se  c o n t r a s t  
t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y .  The p o s i t i o n  o f  any p a r t i c l e s  
w h ich  i n t e r s e c t  a s u r f a c e  can  be  fo u n d  by s im p ly  d i s s o l v i n g  t h e  
ru b b er  o u t  o f  t h e  m a t r ix  and o b s e r v i n g  t h e  r e s u l t a n t  h o l e s .
4 . 4 . 1 .  S e c t i o n  P r e p a r a t i o n
W ith t h e  a b o v e  t e c h n i q u e s  a t h i n  sp e c im e n  s e c t i o n  o r  
sp e c im e n  c r o s s  s e c t i o n  i s  r e q u i r e d .  The d u c t i l i t y  o f  ru b b er  and 
p o l y p r o p y le n e  a r e  v e r y  d i f f e r e n t .  In  o r d e r  t o  s l i c e  t h e  m a t e r i a l  
i t  i s  n e c e s s a r y  t o  t a k e  b o th  p h a s e s  b e lo w  t h e i r  r e s p e c t i v e  g l a s s  
t r a n s i t i o n  t e m p e r a t u r e s .  T h is  e n s u r e s  t h a t  t h e  r u b b e r  w i l l  n o t  
sm ear when t h e  s u r f a c e  o r  s l i c e  i s  p r e p a r e d .  The Tg o f  
p o ly p r o p y le n e  i s  around  room t e m p e r a t u r e ,  and t h e  Tg o f  r u b b er  
i s  -9 0 °C .  Hence s p e c im e n s  m ust b e  s l i c e d  u n d er  c r y o g e n i c  
c o n d i t i o n s .  S m a ll  s p e c im e n s  w ere  s l i c e d  i n  a c r y o g e n i c  m icro tom e  
a t  -1 0 0 ° C . T h is  p r o d u c e s  a t h i n  sa m p le  w h ich  can  be  u s e d  i n  
t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y ,  and a l s o  a f l a t  f a c e  on t h e  
d on or  sa m p le  from w h ich  t h e  r u b b er  can  be d i s s o l v e d  and t h e  
r e s u l t a n t  h o l e s  o b s e r v e d  u s i n g  s c a n n in g  e l e c t r o n  m ic r o s c o p y .  The 
r u b b er  i s  d i s s o l v e d  from t h e  f r e s h l y  p r e p a r e d  s u r f a c e  by  
s u s p e n d in g  t h e  sp e c im e n  a b o v e  b o i l i n g  h e p ta n e  f o r  60 s e c o n d s .
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T h is  m ethod d i s s o l v e s  t h e  r u b b er  b u t  d o e s  n o t  a f f e c t  t h e  
p o l y p r o p y l e n e .  The s p e c im e n s  a r e  th e n  s p u t t e r  c o a t e d  w i t h  g o ld  
and o b s e r v e d  by SEM.
The a b o v e  p r e p a r a t i o n  t e c h n iq u e  p r o v e d  t o  b e  v e r y  s u c c e s s f u l  
w it h  t h e  ru b b er  to u g h e n e d  p o ly p r o p y le n e  g r a d e s ,  w here  no g l a s s  
was i n c l u d e d .  In  t h e  g l a s s  f i l l e d  g r a d e s ,  t h e  f i b r e s  a r e  s h e a r e d  
o u t  o f  t h e  m a t r ix  d u r in g  t h e  m ic r o to m in g .  The b ro k en  f i b r e  
f r a g m e n ts  d e s t r o y  t h e  p r e p a r e d  s u r f a c e .  U s in g  t h i s  t e c h n iq u e  i t  
i s  n o t  p o s s i b l e  t o  o b s e r v e  t h e  p o s s i b i l i t y  o f  p r e f e r e n t i a l  
s e g r e g a t i o n  o f  t h e  ru b b er  t o  t h e  f i b r e  s u r f a c e  and an a l t e r n a t i v e  
m ethod had t o  be fo u n d .
N o tc h e d  ch a rp y  t y p e  s p e c im e n s  w ere  m ach in ed  from  t h e  
i n j e c t e d  f i b r e  r e i n f o r c e d  g r a d e s .  T h ese  w ere  p l a c e d  i n  l i q u i d  
n i t r o g e n  f o r  f i v e  m in u te s  and th e n  b ro k en  op en  i n  t h e  ch a rp y  
t e s t i n g  m a c h in e .  From e a c h  sp e c im e n  two f r a c t u r e  s u r f a c e s  w ere  
c r e a t e d .  One s u r f a c e  had t h e  ru b b er  d i s s o l v e d  from  i t  u s i n g  
b o i l i n g  h e p t a n e ,  t h e  o t h e r  d i d  n o t .  The f r a c t u r e  s u r f a c e s  w ere  
o b s e r v e d  u n d er  t h e  s c a n n in g  e l e c t r o n  m ic r o s c o p e  and com pared t o  
s e e  i f  t h e  ru b b er  c o u ld  be  d i s t i n g u i s h e d  c l e a r l y  from  t h e  
p o l y p r o p y l e n e .
4 . 5 .  MICROSTRUCTURAL CHARACTERISATION RESULTS
4 . 5 . 1 .  F i b r e  F r a c t i o n  C o n f ir m a t io n
Many b u r n - o f f  t e s t s  w ere  p er fo rm ed  d u r in g  t h i s  p r o j e c t ,  
s p e c i f i c a l l y  f o r  g l a s s  f i b r e  f r a c t i o n  c o n f i r m a t i o n ,  b u t  a l s o  a s  
a n e c e s s a r y  s t a g e  f o r  e v a l u a t i o n  o f  f i b r e  l e n g t h  d i s t r i b u t i o n s .  
The f r a c t i o n  o f  f i b r e s  was c a l c u l a t e d  f o r  a l l  o f  t h e s e  b u r n - o f f s  
and t h e  a v e r a g e  t a b u l a t e d  b e lo w .  The s ta n d a r d  d e v i a t i o n s  o f  a l l  
t h e  f i b r e  f r a c t i o n  e v a l u a t i o n s  w ere  l e s s  th an  1%.
N om inal W eight A c t u a l  W eight
F r a c t i o n F r a c t i o n
(%) (%)
1 5 . 0 0 1 4 . 5 8
3 0 . 0 0 2 9 . 4 2
4 0 . 0 0 3 8 . 5 6
T a b le  4 .1  W eight f r a c t i o n  o f  f i b r e s  from 3mm m oulded s p e c im e n s
S e c t i o n s  th ro u g h  t h e  t h i c k n e s s  o f  t h e  10mm t h i c k  p la q u e s  
w ere ta k e n  t o  s e e  w h e th e r  t h e r e  i s  any d i f f e r e n c e  i n  f i b r e  
l o a d i n g  b e tw e en  t h e  s k i n  and t h e  c o r e  o f  t h e s e  s p e c im e n s ,  l i s t e d  
i n  t a b l e  4 . 2 .  G rades w ere  p ro d u ced  a t  a n o m in a l 30% w e ig h t  
f r a c t i o n  o f  f i b r e .
The f i b r e  f r a c t i o n s  a c t u a l l y  a c h i e v e d  d u r in g  p r o d u c t io n  w ere  
c o n s i s t e n t l y  s l i g h t l y  l e s s  th a n  t h o s e  w hich  w ere  a im ed f o r .
The f i b r e  l o a d i n g  i n  t h e  s k i n  and t h e  c o r e  t o  a l l  i n t e n t s  
and p u r p o s e s  a r e  i d e n t i c a l .  As w i l l  become a p p a r e n t  i n  t h e  
f o l l o w i n g  s e c t i o n ,  t h e  a v e r a g e  f i b r e  l e n g t h  i s  s u b s t a n t i a l l y  l e s s  
th a n  t h e  d im e n s io n s  o f  t h e  s p e c im e n s .  T h is  a l l o w s  t h e  f i b r e s  t o  
d i s t r i b u t e  t h e m s e lv e s  u n i f o r m ly  th r o u g h o u t  t h e  m o u ld in g  ( w i t h
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Section PP & Glass PP & Glass
& Rubber
(%) (%)
skin 29.54 29.43
core 29.00 29.12
skin 28.99 28.87
average 29.17 29.14
T a b le  4 . 2  F i b r e  f r a c t i o n s  a t  d i f f e r e n t  t h i c k n e s s e s  th r o u g h  t h e  
1 Omm p l a q u e s .
r e s p e c t  t o  vo lum e f r a c t i o n ,  o r i e n t a t i o n  w i l l  be d e a l t  w i t h  
l a t e r ) . When t h e  f i b r e  l e n g t h  d i s t r i b u t i o n s  h a v e  l e n g t h s  
a p p r o x im a t in g  t h e  minimum d im e n s io n s  o f  t h e  s p e c im e n ,  t h e  f i b r e  
l o a d i n g  o f  t h e  c o r e  can  becom e f a r  g r e a t e r  th a n  t h a t  i n  th e  
s k i n . 1
4 . 5 . 2 .  F i b r e  L en g th  D i s t r i b u t i o n s
F i g u r e  4 . 1 5  d e m o n s t r a t e s  how t h e  com p u ter  s i m u l a t i o n  and 
c o r r e c t i o n  program s a d j u s t  t h e  o u t p u t  from th e  im age a n a l y s e r .  
The peak  o f  t h e  c o r r e c t e d  c u r v e  i s  moved down and a c r o s s  to w a rd s  
t h e  l o n g e r  f i b r e  r a n g e .  The c o r r e c t i o n  program d e c r e a s e s  t h e  
c o u n t  o f  t h e  s h o r t e r  f i b r e s  and i n c r e a s e s  t h e  c o u n t  o f  l o n g e r  
f i b r e s .
Many f i b r e  l e n g t h  d i s t r i b u t i o n s  h a v e  b een  p ro d u ced  i n  th e  
c o u r s e  o f  t h i s  p r o j e c t .  The FLD c u r v e s  w h ich  h a v e  b e e n  p ro d u ced  
h a v e  shown g r e a t  c o n s i s t e n c y  w i t h i n  m o u ld in g s ,  g r a d e s ,  and a l s o  
b e tw e en  b a t c h e s  and c a m p a ig n s .  F i g u r e s  4 . 1 6 ,  17,  18 show t y p i c a l  
f i b r e  l e n g t h  d i s t r i b u t i o n s  from sa m p le s  ta k e n  from m o u ld in g s  
c o n t a i n i n g  30% r u b b er  w i t h  15%, 30%, 40% g l a s s  by w e ig h t
r e s p e c t i v e l y .
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The c o r r e c t e d  FLD b a r  c h a r t s  o f  t h e  t h r e e  vo lum e f r a c t i o n s  
e x h i b i t  t h e  same f e a t u r e s .  The f i b r e s  a r e  d i s t r i b u t e d  i n  a l o g ­
norm al m anner. The m a j o r i t y  o f  t h e  f i b r e  volum e i s  made up from  
f i b r e s  w hose  l e n g t h  i s  g r e a t e r  th a n  t h e  f i b r e  l e n g t h  a t  t h e  peak  
o f  t h e  c u r v e .  A s e c o n d a r y  f e a t u r e  o f  a l l  t h e  c u r v e s  i s  t h e  much 
s m a l l e r  i n i t i a l  p eak  p ro d u ced  by t h e  v e r y  s h o r t  f i b r e s .  T h is  
i n i t i a l  p eak  i s  p ro d u ce d  by f i b r e s  w hose  maximum d im e n s io n  i s  
a p p r o x im a t e ly  t h e  same a s  t h e  f i b r e  d ia m e t e r .  I t  was fou n d  t h a t  
t h e s e  v e r y  s m a l l  f i b r e  f r a g m e n ts  a r e  p ro d u ced  when l o n g  f i b r e s  
u n d erg o  h ig h  c u r v a t u r e  b e n d in g  and b r e a k  d u r in g  e x t r u s i o n .  The 
a t t r i t i o n  o f  l o n g  f i b r e s  p r o d u c e s  two s h o r t e r  f i b r e s ,  and  
num erous s m a l l  thumb n a i l  sh a p e d  s h a r d s  o f  g l a s s  f i b r e s .  As t h e  
volum e f r a c t i o n  o f  f i b r e s  i s  i n c r e a s e d  t h e  a v e r a g e  f i b r e  l e n g t h  
i s  r e d u c e d .  T h is  m ust be  a c o n s e q u e n c e  o f  g r e a t e r  a t t r i t i o n ,  and  
th u s  more f i b r e s  b e in g  b r o k e n .  The vo lum e f r a c t i o n  o f  t h e  f i b r e  
s h a r d s  i n c r e a s e s  w i t h  f i b r e  vo lum e f r a c t i o n  c o n f i r m in g  t h i s  
p o i n t .
F i g u r e  4 . 1 9  show s t h e  l o g - n o r m a l  d i s t r i b u t i o n s  f o r  t h e  t h r e e  
f i b r e  f i l l e d  g r a d e s .  As t h e  volum e f r a c t i o n  o f  f i b r e s  i s  
i n c r e a s e d  t h e  l e v e l  o f  a t t r i t i o n  d u r in g  e x t r u s i o n  i n c r e a s e s  due  
t o  a g r e a t e r  p r o b a b i l i t y  o f  f i b r e - f i b r e  i n t e r a c t i o n s .  T h is  
m a n i f e s t s  i t s e l f  a s  a g e n e r a l  r e d u c t i o n  i n  t h e  a v e r a g e  f i b r e  
l e n g t h .  The maximum f i b r e  l e n g t h  i s  r e d u c e d  a s  i s  t h e  t o t a l  
f r a c t i o n  o f  l o n g  f i b r e s .  The p r o p o r t i o n  o f  s h o r t  f i b r e s  i s  
i n c r e a s e d  and t h e  p eak  o f  t h e  c u r v e  m oves to w a r d s  t h e  s h o r t e r  
f i b r e s .
The m a j o r i t y  o f  f i b r e  a t t r i t i o n  o c c u r s  i n  t h e  c o m p r e s s io n  
zo n e  o f  t h e  tw in  s c r e w  e x t r u d e r  w here  t h e  m o lt e n  p o ly m er  i s
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s u b j e c t  t o  h i g h e s t  s h e a r ,  Lunt and S h o r t a l l 2 . F u r t h e r  f i b r e  
l e n g t h  d e g r a d a t i o n  i s  i n c u r r e d  d u r in g  t h e  i n j e c t i o n  s t r o k e  o f  t h e  
m o u ld in g  c y c l e .  The e x t e n t  o f  f i b r e  b r e a k a g e  d u r in g  f l o w  th r o u g h  
c o n s t r i c t e d  g a t e s  and r u n n e r s  w i l l  depend upon t h e  f o r c e s  
a s s o c i a t e d  w i t h  t h e  i n j e c t i o n  s t r o k e ,  t h e  m a t r ix  m a t e r i a l  
r h e o l o g y  and t h e  f i l l e r  l o a d i n g .  T h is  e f f e c t  was s t u d i e d  by  
S c h w e i t z e r 3 u s i n g  p o ly p r o p y le n e  and p o l y e s t e r  m a t r i c e s .  F ib r e  
a t t r i t i o n  o c c u r r i n g  i n  t h e  i n j e c t i o n  m o u ld in g  c y c l e  h a s  b e e n  
s t u d i e d  by com p ar in g  t h e  f i b r e  l e n g t h  d i s t r i b u t i o n s  from  b o th  t h e  
e x t r u d e d  g r a n u l e s ,  f i g u r e  4 . 2 0 ,  and t h e  m oulded s p e c im e n s ,  f i g u r e  
4 . 2 1 .  The r e s u l t s  c o n f ir m  t h a t  t h e  m a j o r i t y  o f  f i b r e  a t t r i t i o n  
o c c u r s  d u r in g  e x t r u s i o n  com pou ndin g . The i n j e c t i o n  m o u ld in g  
s t a g e  r e d u c e s  f u r t h e r  t h e  maximum and a v e r a g e  f i b r e  l e n g t h .  
A lth o u g h  t h e  l e v e l  o f  a t t r i t i o n  i s  f a r  l e s s  d u r in g  t h e  i n j e c t i o n  
m o u ld in g  s t a g e ,  i t  i s  s t i l l  s i g n i f i c a n t ,  p a r t i c u l a r l y  i n  r e l a t i o n  
t o  t h e  m e c h a n ic a l  p r o p e r t i e s  o f  t h e  m oulded p r o d u c t .  D e c r e a s in g  
t h e  l e n g t h  o f  a s h o r t  f i b r e ,  f o r  exam p le  a f i b r e  w hose  t o t a l  
l e n g t h  i s  l e s s  th a n  21c, r e d u c e s  i t s  l o a d  b e a r in g  c a p a c i t y  t o  a 
f a r  g r e a t e r  e x t e n t  th a n  d o e s  a s i m i l a r  r e d u c t i o n  i n  l e n g t h  o f  a 
l o n g  f i b r e .  A s m a l l  r e d u c t i o n  i n  t h e  a v e r a g e  f i b r e  l e n g t h  i n  a  
SFRTP i n  w h ich  t h e  l a r g e  p r o p o r t i o n  o f  t h e  f i b r e s  h a v e  l e n g t h s  
around t h e  c r i t i c a l  l e n g t h ,  w i l l  r e s u l t  i n  a c o n s i d e r a b l e  
r e d u c t i o n  i n  t h e  s t r e n g t h  and s t i f f n e s s  o f  t h e  c o m p o s i t e .
4 . 5 . 3 .  F i b r e  O r i e n t a t i o n  D i s t r i b u t i o n
T h in  s e c t i o n s  w ere  ta k e n  p e r p e n d i c u l a r  t o  t h e  t h r e e  m ajor  
a x i s  o f  t e n s i l e  t e s t  b a r s ,  f i g u r e  4 . 1 2 ,  and e x a m in e d .  I t  was
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fo u n d  t h a t  s e c t i o n s  ta k e n  down t h e  l e n g t h  o f  t h e  s p e c im e n ,  
th r o u g h  t h e  x and y p l a n e s ,  show ed good  f i b r e  d e f i n i t i o n  and  
q u a n t i t a t i v e  d a t a .  The s p e c im e n  ta k e n  th ro u g h  t h e  t h i c k n e s s  and  
b r e a d th  o f  t h e  s a m p le ,  th r o u g h  t h e  z p l a n e ,  o n l y  r e v e a l e d  f i b r e  
e n d s .  The f i b r e s  a r e  n a t u r a l l y  o r i e n t e d  w i t h  t h e i r  l e n g t h  i n  t h e  
mould f i l l  d i r e c t i o n .  T h is  s e c t i o n  was o f  l i t t l e  q u a n t i t a t i v e  
u s e .  F or  t h i s  r e a s o n  t h e  r e s t  o f  t h e  r e s u l t s  and d i s c u s s i o n  w i l l  
d e a l  w i t h  s e c t i o n s  ta k e n  from t h e  x  and y  p l a n e s .  As t h e s e  two  
p l a n e s  i n c o r p o r a t e  t h e  y, z and x ,z  d i r e c t i o n s ,  a l l  t h r e e  
d im e n s io n s  a r e  a c c o u n te d  f o r .
The r e s u l t s  from t h e  f i b r e  o r i e n t a t i o n  d i s t r i b u t i o n s  a r e  
shown i n  t h i s  c h a p t e r  a s  a r e a  g r a p h s .  Each sh a d ed  a r e a  on t h e  
grap h  r e p r e s e n t s  t h e  vo lum e f r a c t i o n  o f  f i b r e s ,  a t  t h a t  d i s t a n c e  
a c r o s s  t h e  s e c t i o n ,  w h ich  l i e  w i t h i n  a s p e c i f i c  o r i e n t a t i o n  
r a n g e .  Each r a n g e  c o v e r s  3 0° .  0° l i e s  p a r a l l e l  t o  t h e  m e l t  f i l l
d i r e c t i o n ,  i . e .  down t h e  l e n g t h  o f  t h e  sa m p le .  9 0 ° - 1 8 0 °  i s  
d i r e c t l y  e q u i v a l e n t  t o  0 ° - ( - 9 0 ) ° .  The a c t u a l  im age a n a l y s i s  
r e s u l t s  w ere  m easu red  i n  a n g u la r  r a n g e s  o f  10° .  For c a l c u l a t i o n  
o f  o r i e n t a t i o n  f a c t o r s  t h e  n a rro w er  d i s t r i b u t i o n  w ere  u s e d .
F i v e  s e c t i o n s  w ere  ta k e n  from e a c h  o f  t h e  x  and y  p l a n e s ,  
f i g u r e  4 . 2 2 .  The r e s u l t s  w ere  fo u n d  t o  be  s y m m e tr ic a l  a b o u t  t h e  
c o r e .  F i g u r e s  4 . 2 3  t o  4 . 2 5 ,  show t h e  y  p la n e  r e s u l t s  ta k e n  
th r o u g h  t h e  t h i c k n e s s  o f  a 15% g l a s s  30% ru b b er  sp e c im e n  and 
o b s e r v e d  a c r o s s  i t s  b r e a d t h .  The sa m p le  ta k e n  a t  t h e  s u r f a c e ,  
f i g u r e  4 . 2 3 ,  show s a l a r g e  d e g r e e  o f  m i s o r i e n t e d  f i b r e s  a c r o s s  
t h e  w h o le  b r e a d th  o f  t h e  s a m p le .  They a r e  n o t  s p e c i f i c a l l y  
r e s t r i c t e d  t o  t h e  c e n t r e .  T h e se  r e s u l t s  c o r r e s p o n d  w i t h  t h e  work 
o f  S in g h  and Kamal4 who a l s o  o b s e r v e d  a l a y e r  o f  random ly
1 1 9
o r i e n t a t e d  f i b r e s  i n  t h e  v i c i n i t y  o f  t h e  w a l l .  The w a l l  o f  t h e  
mould a c t s  a s  a h e a t  s i n k .  C o n s e q u e n t ly  i t  p r o d u c e s  a h i g h e r  
f r i c t i o n a l  d ra g  th a n  t h e  v i s c o u s  e f f e c t  o f  t h e  m e l t .  The f l o w  
o f  m o lt e n  m a t e r i a l  p a s t  t h e  s u r f a c e  w i l l  c a u s e  f i b r e s  i n  c o n t a c t  
w it h  t h e  w a l l  t o  be d r a g g e d  a c r o s s  i t s  s u r f a c e  and h e n c e  o f f  
o r i e n t a t i o n .
The s e c t i o n  ta k e n  j u s t  b e lo w  t h e  s u r f a c e  o f  t h e  s p e c im e n ,  
f i g u r e  4 . 2 4 ,  show s a much g r e a t e r  d e g r e e  o f  a l i g n m e n t .  The 
f i b r e s  i n  t h e  p r o x im i t y  o f  t h e  m o u ld in g  ed g e  a r e  c o n s i s t e n t l y  
o r i e n t e d  i n  t h e  m e l t  f i l l '  d i r e c t i o n .  F low  o f  t h e  m e l t  i n  t h i s  
r e g i o n  i s  c o n s t r a i n e d  by t h e  mould s u r f a c e s ,  p r o d u c in g  good  
a l ig n m e n t  o f  t h e  f i b r e s .  In  t h e  c e n t r e  o f  t h e  s p e c im e n  t h e  m e l t  
f l o w  i s  n o t  c o n s t r a i n e d  t o  t h e  same e x t e n t  and f i b r e s  b e g in  t o  
a l i g n  t h e m s e l v e s  norm al t o  t h e  f i l l  d i r e c t i o n .  The d i s t r i b u t i o n  
i s  n o t  s y m m e tr ic a l  a b o u t  t h e  c e n t r e .  T h is  i s  a r e s u l t  o f  t h e  
s i d e  g a t i n g  o f  t h e  s p e c im e n  and t h e  n o n -sy m m e tr ic  f l o w  o f  m e l t  
down t h e  m ou ld . T h is  becom es e v e n  more a p p a r e n t  i n  t h e  c e n t r a l  
s e c t i o n ,  f i g u r e  4 . 2 5 .  T h is  s e c t i o n  i s  ta k e n  th r o u g h  t h e  c o r e  o f  
t h e  s a m p le .  The c o r e  e x h i b i t s  t h e  g r e a t e s t  d e g r e e  o f  m i s o r i e n t e d  
f i b r e s .  A g a in ,  t h e  m i s o r i e n t e d  f i b r e s  l i e p r e d o m o n i n a n t l y i n  t h e  
c e n t r e  o f  t h e  s e c t i o n .  The r e a s o n  f o r  t h e  i n c r e a s e  i n  
m i s o r i e n t e d  f i b r e s  i s  t h e  g r e a t e r  d i s t a n c e  t o  t h e  t o p  and b o tto m  
s u r f a c e s  o f  t h e  m ou ld . The c e n t r a l  s e c t i o n  h a s  t h e  l e a s t  
c o n s t r a i n t s  from  any s u r f a c e .
F i g u r e s  4 . 2 6  t o  4 . 2 8  show t h e  x  p la n e  r e s u l t s  ta k e n  th r o u g h  
t h e  b r e a d t h  o f  an i d e n t i c a l  sa m p le  and o b s e r v e d  a c r o s s  i t s  
t h i c k n e s s . The d e g r e e  o f  m i s o r i e n t a t i o n  f o r  a l l  t h r e e  sa m p le s  
i s  f a r  l e s s  th a n  t h a t  o b s e r v e d  i n  t h e  y  p la n e  s a m p l e s . The
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b r e a d th  o f  t h e  sa m p le  i s  f o u r  t im e s  g r e a t e r  th a n  t h e  t h i c k n e s s .  
T h e r e f o r e ,  e v e n  i n  t h e  c e n t r e  o f  t h e  t h i c k n e s s  o f  t h e  sam p le  
t h e r e  i s  s t i l l  a l a r g e  c o n s t r a i n t  i n f l u e n c e .  T h is  i s  due t o  t h e  
c l o s e  p r o x i m i t y  o f  t h e  to p  and b o tto m  s u r f a c e s .  In  t h e  y p la n e  
s a m p le s ,  t h e  w e l l  o r i e n t e d  e d g e s  e x te n d e d  two m i l l i m e t r e s  from  
e a c h  e d g e  i n t o  t h e  s a m p le .  The t o t a l  t h i c k n e s s  o f  t h e  sa m p le  i s  
o n l y  t h r e e  m i l l i m e t r e s .  I t  i s  t h e r e f o r e  n o t  s u r p r i s i n g  t h a t  t h e  
f i b r e s  th r o u g h  t h e  t h i c k n e s s  o f  t h e  sa m p le  a r e  h i g h l y  
c o n s t r a i n e d .  T h is  p r o d u c e s  t h e  f i n d i n g  t h a t  m ost o f  t h e  f i b r e s  
a r e  o r i e n t e d  w i t h i n  j u s t  one  p l a n e ,  nam ely  t h e  y  p l a n e .  T h is  i s  
o f  g r e a t e r  c o n s e q u e n c e  l a t e r  when t r y i n g  t o  e v a l u a t e  a 
o r i e n t a t i o n  f a c t o r  f o r  t h e  c o m p o s i t e  a s  a w h o le .  The o t h e r  
f e a t u r e s  o f  t h e  x p la n e  s a m p le s  a r e  t h e  same a s  f o r  t h e  y  p la n e  
s a m p l e s .
F i g u r e s  4 . 2 9 ,  4 . 3 0  show f i b r e  o r i e n t a t i o n  d i s t r i b u t i o n s  f o r  
30% g l a s s  and 40% g l a s s  g r a d e s ,  b o t h  c o n t a i n i n g  30% r u b b e r .  The 
d i s t r i b u t i o n s  a r e  n o m in a l ly  i d e n t i c a l .  The a d d i t i o n  o f  g l a s s  t o  
a g r a d e  w ou ld  be e x p e c t e d  t o  i n c r e a s e  t h e  v i s c o s i t y  o f  t h e  m e l t .  
T h is  c h a n g e  i n  v i s c o s i t y  d o e s  n o t  a p p ea r  t o  a l t e r  g r e a t l y  t h e  
o r i e n t a t i o n  d i s t r i b u t i o n s . M ou ld in g  c o n d i t i o n s  and sp e c im en  
g e o m e try  w i l l  h a v e  t h e  g r e a t e s t  e f f e c t  upon f i b r e  o r i e n t a t i o n  
d i s t r i b u t i o n s .
4 . 5 . 4 .  K r e n c h e l  O r i e n t a t i o n  F a c t o r
The f i b r e  o r i e n t a t i o n  d i s t r i b u t i o n s  g i v e n  a b o v e  a r e  o f  
l i t t l e  q u a n t i t a t i v e  u s e  i n  t h a t  form . Where t h e r e  i s  a 
d i s t r i b u t i o n  o f  f i b r e  o r i e n t a t i o n s ,  t h e  r e i n f o r c i n g  e f f i c i e n c y
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o f  t h e  f i b r e s  i s  r e d u c e d  due t o  m i s a l i g n e d  f i b r e s .  K r e n c h e l5 
i n c l u d e d  an a d d i t i o n a l  term  i n  t h e  r u l e  o f  m ix t u r e s  e q u a t io n  
( 2 . 3 )  t o  ta k e  t h i s  i n t o  a c c o u n t :  qa, t h e  K r e n c h e l  o r i e n t a t i o n
f a c t o r .  The term  qQ i s  c a l c u l a t e d  from a sum m ation o f  t h e  f i b r e  
f r a c t i o n ,  ak, o r i e n t e d  i n  a n g u la r  in c r e m e n t s  away from th e  
a p p l i e d  l o a d ,  &k:
r|Q = Eak . c o s 40 k ( 2 . 1 4 )
K r e n c h e l5 h a s  c a l c u l a t e d  qQ f o r  v a r i o u s  f i b r e  o r i e n t a t i o n  
d i s t r i b u t i o n s .  For u n i d i r e c t i o n a l  la m in a e  qQ= 1 and 0 when t e s t e d  
p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  f i b r e s  r e s p e c t i v e l y .
C a l c u l a t i n g  t h e  K r e n c h e l  f a c t o r  r e l a t i v e  t o  t h e  z d i r e c t i o n  
f o r  t h e  15% g l a s s  30% r u b b er  g r a d e  d i s t r i b u t i o n s ,  f i g u r e s  4 . 2 3  
t o  4 . 2 8 ,  g i v e s :
x  p la n e y p la n e
S u r f a c e 0 . 8 6 7 0 . 6 4 9
N ear  S u r f a c e 0 . 9 3 0 0 . 8 4 8
C e n tr e 0 . 9 0 7 0 . 7 1 6
Table 4.3 K r e n c h e l  o r i e n t a t i o n  f a c t o r s  c a l c u l a t e d  a t  d i f f e r e n t
d i s t a n c e s  th ro u g h  t h e  t h i c k n e s s  and b r e a d th
The c o n t r i b u t i o n  from t h e  d i f f e r e n t  s e c t i o n s  t o  t h e  
c o m p o s i t e  a s  a w h o le  i s  n o t  e v e n l y  d i s t r i b u t e d .  The l a y e r  a t  th e  
s u r f a c e  o f  t h e  m o u ld in g  w h ich  c o n t a i n s  a h ig h  d e g r e e  o f  
m i s o r i e n t e d  f i b r e s  i s  o n ly  a b o u t  100 m ic r o n s  t h i c k .  The 
c o n t r i b u t i o n  o f  t h e s e  l a y e r s  w i l l  be n e g l i g i b l e  t o  t h e  o v e r a l l  
c o m p o s i t e  and can  be d i s r e g a r d e d .  The two r e m a in in g  s e c t i o n s  can  
be b r o a d ly  d e s c r i b e d  a s  t h e  s k i n  (n e a r  s u r f a c e )  and c o r e  
( c e n t r e ) . I t  i s  f o r t u n a t e  t h a t  t h e  t h i c k n e s s  o f  t h e s e  s e c t i o n s
1 2 2
i s  d i s t r i b u t e d  w i t h  t h e  a p p r o x im a te  r a t i o  o f  2 : 1 .  W ith r e g a r d  
t o  t h e  x p l a n e ,  t h e r e  i s  l i t t l e  d i f f e r e n c e  b e tw e en  t h e  s k i n  and  
c o r e .  The w e ig h t e d  a v e r a g e  o f  t h e  K r e n c h e l  f a c t o r s  i s  0 . 9 2 3  
( t w i c e  t h e  s k i n  t h i c k n e s s  t o  t h e  c o r e  t h i c k n e s s ) .  A p p ly in g  
K r e n c h e l  f a c t o r s  from two 2 - d i m e n s i o n a l  p l a n e s  t o  a 3 - d i m e n s i o n a l  
c o m p o s i t e  i s  v e r y  c o m p le x .  H owever, a s  h a s  b een  m e n t io n e d  i n  th e  
p r e v i o u s  s e c t i o n ,  t h e  m a j o r i t y  o f  f i b r e s  a p p ea r  t o  be  o r i e n t e d  
s o l e l y  i n  on e  p l a n e ,  t h e  y p l a n e .  T h is  i s  c o n f ir m e d  by t h e  x 
p la n e  K r e n c h e l  f a c t o r  o f  0 . 9 2 3  (a v e r a g e  f i b r e  m i s o r i e n t a t i o n  o f  
1 1 . 4 °  from  t h e  m e l t  f i l l  d i r e c t i o n ) .  Such a low  d e g r e e  o f  
m i s o r i e n t a t i o n  w i t h i n  t h e  x p la n e  e n a b l e s ,  f o r  t h e  s a k e  o f  
s i m p l i c i t y ,  t h e  c o m p o s i t e  t o  be t r e a t e d  a s  a t h r e e  p l y  la m in a t e  
w it h  a l l  t h e  m i s o r i e n t a t i o n  w i t h i n  t h e  y p l a n e .  T h is  
a p p r o x im a t io n  r e s u l t s  i n  an o v e r e s t i m a t i o n  o f  t h e  K r e n c h e l  f a c t o r  
f o r  t h e  c o m p o s i t e .
T r e a t i n g  t h e  c o m p o s i t e  a s  a t h r e e  p l y  l a m i n a t e ,  t h e  K r en ch e l  
f a c t o r  f o r  t h e  15% g l a s s  r e i n f o r c e d  c o m p o s i t e  i s  c a l c u l a t e d  a s
0 . 8 0 4 .
U s in g  t h e  same a n a l y s i s  f o r  t h e  30% and 40% g l a s s  f i l l e d  
g r a d e s ,  t h e  f o l l o w i n g  r e s u l t s  a r e  p ro d u ced :
S k in Core C o m p o s ite
15% G la s s 0 . 8 4 8 0 . 7 1 6 0 . 8 0 4
30% G la s s 0 . 8 3 4 0 . 6 7 5 0 . 781
40% G la s s 0 . 8 3 9 0 . 6 1 6 0 . 7 6 5
Table 4.4 K r e n c h e l  o r i e n t a t i o n  f a c t o r s  f o r  30% and 40% g l a s s
f i l l e d  g r a d e s
I n c r e a s i n g  t h e  volum e f r a c t i o n  o f  g l a s s  i n c r e a s e s  t h e  d e g r e e  
o f  m i s o r i e n t a t i o n  w i t h i n  t h e  c o m p o s i t e .  A d j u s t in g  t h e  volum e  
f r a c t i o n  o f  g l a s s  in  t h e  m e l t  w i l l  a l t e r  i t s  f l o w ,  v i s c o s i t y  and
1 2 3
s h e a r  p r o p e r t i e s  and h e n c e  a f f e c t s  t h e  f i n a l  o r i e n t a t i o n  
d i s t r i b u t i o n .
4 . 5 . 5 .  Rubber P a r t i c l e  D i s t r i b u t i o n
An a c c u r a t e  a n a l y s i s  o f  t h e  d i s t r i b u t i o n  and s i z e  o f  t h e  
r u b b er  p a r t i c l e  was n o t  p e r fo r m e d .  A lth o u g h  s u c h  a
c h a r a c t e r i s a t i o n  w ould  h a v e  b een  o f  m i c r o s t r u c t u r a l  i n t e r e s t ,  i t  
i s  n o t  e s s e n t i a l  t o  t h e  m e c h a n ic a l  m o d e l l i n g .  The f o l l o w i n g  
d i s c u s s i o n  i s  b a s e d  upon b road  c o n c l u s i o n s  o b t a i n e d  from c a r e f u l  
o b s e r v a t i o n s  o f  ru b b er  p a r t i c l e  d i s t r i b u t i o n  i n  s c a n n in g  e l e c t r o n  
m i c r o s c o p y .
In  g r a d e s  n o t  c o n t a i n i n g  any g l a s s  t h e  r u b b er  p a r t i c l e s  w ere  
d i s t r i b u t e d  u n ifo r m ly  th r o u g h o u t  t h e  m a t r ix ,  f i g u r e  4 . 3 1 .  The 
ru b b er  p a r t i c l e  s i z e  was a p p r o x im a t e ly  1 t o  3 m ic r o n s  i n  
d ia m e t e r .  I n c r e a s i n g  t h e  vo lum e f r a c t i o n  o f  r u b b e r  d id  n o t  
a p p ea r  t o  a l t e r  t h e  a v e r a g e  p a r t i c l e  s i z e  s i g n i f i c a n t l y .  T h ese  
r e s u l t s  c o n f ir m  s i m i l a r  o b s e r v a t i o n s  by H o d g k in so n 6 and  
C op p o la  . The sh a p e  o f  t h e  ru b b er  p a r t i c l e s  was n o t  t r u l y  
s p h e r i c a l ,  f i g u r e  4 . 3 2 .  T h e ir  a c t u a l  sh a p e  i s  b e s t  d e s c r i b e d  a s  
a s p h e r e  e l o n g a t e d  i n  t h e  d i r e c t i o n  o f  t h e  m e l t  f l o w .  T h is  
e f f e c t  i s  c a u s e d  by t h e  e l a s t i c  c o n s t r a i n t s  o f  t h e  m ould s u r f a c e s  
upon f r e e z i n g  and t h e  r e l a t i v e  e x p a n s io n  c o e f f i c i e n t s  and m o d u li  
o f  t h e  c o n s t i t u e n t  p h a s e s .
The f i b r e  r e i n f o r c e d  Charpy t y p e  s p e c im e n s  w ere  b ro k en  open  
u n d er  c r y o g e n i c  c o n d i t i o n s .  The p u r p o se  o f  t h e s e  t e s t  p i e c e s  was 
t o  d e t e r m in e  t h e  ru b b er  p a r t i c l e  d i s t r i b u t i o n  around  t h e  f i b r e  
s u r f a c e s .  F ig u r e  4 . 3 3  show s t h a t  t h e r e  i s  no s e g r e g a t i o n  o f
1 2 4
r u b b er  t o  t h e  f i b r e  s u r f a c e s .  F i g u r e  4 . 3 5  show s t h e  f r a c t u r e
s u r f a c e  o f  a ch a rp y  sp e c im e n  w i t h o u t  t h e  ru b b er  h a v in g  b e e n
d i s s o l v e d  from  i t s  s u r f a c e .  N o d u la r  p r o t r u s i o n s  ca n  b e  s e e n  
e m a n a t in g  from  t h e  f r a c t u r e  s u r f a c e  o f  t h e  p o l y p r o p y l e n e .  F i g u r e  
4 . 3 4  i s  t h e  o p p o s i t e  f r a c t u r e  f a c e  o f  t h e  same s p e c im e n  w here  t h e  
r u b b er  i s  d i s s o l v e d .  The n o d u la r  p r o t r u s i o n s  a r e  no lo n g e r  
p r e s e n t .  I t  can  be assum ed t h e r e f o r e  t h a t  t h e  n o d u le s  a r e
p u l l e d - o u t  r u b b er  p a r t i c l e s .  At t h e  lo w  t e m p e r a t u r e s  u n d er  w h ich  
t h e s e  f r a c t u r e  f a c e s  w ere  p r o d u c e d ,  t h e  p o l y p r o p y l e n e / r u b b e r  
i n t e r f a c i a l  s h e a r  s t r e n g t h  i s  lo w e r  th a n  t h e  r u b b e r  s h e a r  
s t r e n g t h ,  h e n c e  c a u s i n g  t h i s  e f f e c t .  C o n f ir m in g  t h a t  t h e s e
n o d u le s  a r e  r u b b e r  p a r t i c l e s  w i l l  be  o f  im p o r ta n c e  i n  e x p l a i n i n g  
t h e  f r a c t u r e  s u r f a c e s  o f  f r a c t u r e  m e c h a n ic s  s p e c im e n s  i n  c h a p t e r  
8 .
R e f e r e n c e s
1. H it c h e n  S .
F a t ig u e  p r o p e r t i e s  o f  lo n g  s h o r t  f i b r e  r e i n f o r c e d  N y lo n .  
Private Communication, Uni. Surrey, 1989.
2. Lunt J. M.  and S h o r t a l l  J . B .
Compounding o f  S h o r t  G la s s  F ib r e  F i l l e d  N v lo n  66 
B l e n d s .
Plast. Rub. Process'g. 5, No.2, p37 ,  1980.
3.  S c h w e i t z e r  R. A.
G la s s  F ib r e  R e in f o r c e d  D e g r a d a t io n  in  T h e r m o p la s t ic  
P r o c e s s i n g .
36th Ann. RP/CI, 9Af p1 , 1981.
4.  S in g h  P. and Kamal M.R.
The E f f e c t  o f  P r o c e s s i n g  V a r ia b le s  on M ic r o s t r u c t u r e  o f  
I n j e c t i o n  Moulded S h o r t  F ib r e  R e in f o r c e d  P o ly p r o p y le n e  
C o m p o s i t e s .
Poly. Comp. 10. 5, p 3 4 4 , 1989 .
1 2 5
5.  K ren ch e l  H.
F ib r e  R e in fo r c e m e n t .
Akademisk Forlag. C openhagen, 1964.
6.  H odgk inson  J . M. ,  S a v a d o r i  A. and W il l ia m s  J . G.
A F r a c t u r e  M ech an ics  A n a l y s i s  o f  P o ly p r o p y le n e  Rubber  
B l e n d s .
J. Mat. Sci. 18, p 2 3 1 9,  1983.
7.  C oppola  F . ,  G reco R. and R a g o sta  G.
I s o t a c t i c  Polypropylene/ED P M  B le n d s :  E f f e c t  o f  T e s t i n g
T em perature and Rubber C o n ten t  on F r a c t u r e .
J. Mat. Sci. 21, p1 775 ,  1986 .
1 2 6
APPENDIX A
4 . 6 .  COMPUTER SIMULATION AND CORRECTION PROCESS
The f o l l o w i n g  a p p e n d ix  d e t a i l s  t h e  manner by w h ich  t h e  f i b r e  
m e a su r in g  p r o c e s s  o f  t h e  im age a n a l y s e r  i s  s i m u l a t e d  and e r r o r s  
r e s u l t i n g  from t h i s  p r o c e s s  r e c o r d e d .  T h ese  r e s u l t s  a r e  u s e d  i n  
a p r o b a b i l i s t i c  manner t o  c o r r e c t  t h e  f i b r e  l e n g t h  d i s t r i b u t i o n s  
from t h e  im age a n a l y s e r .  A f u l l  l i s t i n g  o f  t h e  com p u ter  
programme i s  g i v e n  a t  t h e  end o f  a p p e n d ix  A.
4 . 6 . 1 .  S i m u l a t i n g  t h e  F i b r e  Count
The f i b r e  c o u n t ,  Nj_, f o r  a p a r t i c u l a r  f i b r e  l e n g t h ,  L±, from  
t h e  a n a l y s e r  i s  made up o f  two d i s t i n c t  p o r t i o n s .  The f i r s t  
p o r t i o n  i s  made up o f  t h o s e  f i b r e s  w h ich  a r e  c o u n t e d  and m easured  
c o r r e c t l y ,  Nc. The s e c o n d  p o r t i o n  i s  made up o f  c o u n t i n g  t h o s e  
f i b r e s  w h ich  a r e  a c t u a l l y  l o n g e r  th a n  L±, b u t  w h ich  h a v e  b e e n  
m ism ea su red  and c o n s e q u e n t l y  c o u n t e d  i n t o  t h a t  ban d , Nm, f i g u r e  
4 . 3 6 :
Ni  = Nc + Nm ( 4 . 2 )
I f  i t  w ere  p o s s i b l e  t o  t a k e  t h e  c o u n t  from t h e  a n a l y s e r ,  
and s u b t r a c t  t h e  m is c o u n t e d  f i b r e s ,  Nm, t h e  r em a in d e r  w ould  be  
t h e  number o f  f i b r e s  w h ich  had b e e n  m easured  c o r r e c t l y ,  Nc. T h is
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w ould  n o t  be t h e  t r u e  t o t a l  c o u n t ,  n±, a s  i t  d o e s  n o t  t a k e  i n t o  
a c c o u n t  t h o s e  f i b r e s  o f  l e n g t h  w h ich  h ave  b e e n  m ism ea su red  a s  
f i b r e s  o f  a s h o r t e r  l e n g t h .  I f  i t  w ere  p o s s i b l e  t o  c a l c u l a t e  t h e  
p r o b a b i l i t y ,  P±, f o r  a f i b r e  o f  l e n g t h  L± t o  be m ism ea su red  a s  a 
s h o r t e r  f i b r e ,  i t  w ou ld  a l s o  be p o s s i b l e  t o  a d j u s t  t h e  c o u n t  t o  
a l l o w  f o r  t h e s e  m i s s i n g  f i b r e s .  T h is  w ould  be done by t a k i n g  t h e  
number o f  c o r r e c t l y  m easu red  f i b r e s ,  Nc, o f  l e n g t h  Lif and  
a p p ly in g  a p r o b a b i l i t y  f a c t o r ,  P^, t o  a d j u s t  t h e  c o u n t  t o  a l l o w  
f o r  m ism ea su red  f i b r e s  o f  l e n g t h  L± . T h is  w ou ld  g i v e  a 
p r o b a b i l i s t i c  a p p r o x im a t io n  t o  t h e  t r u e  c o u n t ,  n±, b a s e d  on t h e  
a c t u a l  c o u n t  from t h e  a n a l y s e r ,  f i g u r e  4 . 3 7 :
n £ = Nc /  ( 1 - P i )  ( 4 . 3 )
4 . 6 . 2 .  The Computer S im u la t i o n :  An O v erv iew
A com p u ter  s i m u l a t i o n  h a s  b e e n  d e v e lo p e d  t o  m odel t h e  manner  
i n  w h ich  t h e  a n a l y s e r  c o u n t s  and m e a su r es  f i b r e s . The program  
s e t s  up an im a g in a r y  v i s u a l  s c r e e n  and l i v e  fram e w i t h i n  i t s  
memory. Im a g in a ry  f i b r e s  o f  known l e n g t h  a r e  random ly  
d i s t r i b u t e d  i n t o  t h e  s i m u l a t e d  v i s u a l  s c r e e n .  Upon d i s t r i b u t i n g  
a s t a t i s t i c a l l y  s i g n i f i c a n t  number o f  f i b r e s ,  t h e  s i m u l a t i o n  
e v a l u a t e s  p r o b a b i l i s t i c  p a r a m e te r s  s i m u l a t i n g  t h e  manner i n  w h ich  
f i b r e s  a r e  m easu red  by t h e  a n a l y s e r :
i )  The p r o b a b i l i t y ,  Pir o f  a f i b r e  o f  l e n g t h  b e in g
m ism ea su red  i s  c a l c u l a t e d ;
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i i )  i f  a f i b r e  o f  l e n g t h  L± i s  m easu red  i n c o r r e c t l y ,  t h e  f i b r e  
l e n g t h  r a n g e  i n t o  w h ich  i t  w ou ld  be c o u n t e d ,  i s
fo u n d ;
i i i )  f o r  e a c h  number c o u n t  from t h e  a n a l y s e r ,  Nit th e  
i n c o r r e c t l y  m easu red  f i b r e s ,  Nm, a r e  rem oved from  t h e  
c o u n t  t o  l e a v e  o n l y  t h o s e  f i b r e s  w h ich  h a v e  b e e n  m easu red  
c o r r e c t l y ,  Nc. To t h i s  c o u n t  a c o r r e c t i o n  f a c t o r  (1/[1- 
P±]), i s  a p p l i e d  t o  a c c o u n t  f o r  t h e  f i b r e s  o f  t h a t  l e n g t h  
w h ich  w ere  m ism ea su red  i n t o  f i b r e  c o u n t s  o f  s m a l l e r  
l e n g t h s .
i v )  f i b r e  c o u n t s  a r e  c o n v e r t e d  i n t o  volum e f r a c t i o n s  a l l o w i n g  
f o r  fr a g m e n t  sh a p e  a s  w e l l  a s  f i b r e  l e n g t h .
The s t e p s  i n  t h i s  s i m u l a t i o n  a r e  d e s c r i b e d  i n  d e t a i l  i n  t h e  
s e c t i o n s  w h ich  f o l l o w .
4 . 6 . 3 .  S i m u la t i o n  I n p u t  P a r a m e te r s
The com p u ter  s i m u l a t i o n  n e c e s s i t a t e s  t h e  in p u t  o f  s p e c i f i c  
p a r a m e te r s  t o  s i m u l a t e  and a d j u s t  t h e  a n a l y z e r s  f i b r e  l e n g t h  
d i s t r i b u t i o n s  c o r r e c t l y :
i )  Maximum Fibre Length. The s i m u l a t i o n  i s  s e t  up w i t h i n  
bounds im p osed  by t h e  t o t a l  f i b r e  l e n g t h  d i s t r i b u t i o n .  
The maximum f i b r e  l e n g t h  w i t h i n  t h e  sam p le  im p o se s  t h e  
u p p er  bound, and t h e  ' f ibre  step range' ( n o t e  i i i )  t h e  
l o w e r  bound. L onger  f i b r e s  c o n t r i b u t e  t o  t h e  m is c o u n t  
c o n t r i b u t i o n ,  Nm, o f  s h o r t e r  f i b r e s .  T hus, t h e  number o f  
m is c o u n t s  w i t h i n  a s h o r t  f i b r e  c o u n t  w i l l  a l t e r  d e p e n d in g  
upon t h e  maximum f i b r e  l e n g t h .  The l o n g e s t  f i b r e s  a r e
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v e r y  r a r e  w i t h i n  a d i s t r i b u t i o n  a s  t h e y  a r e  s t a t i s t i c a l l y  
few  i n  number. H ow ever, t h e  p r o b a b i l i t y  o f  them b e in g  
m ism ea su red  i s  h i g h ,  a s  w i l l  be  shown l a t e r .  I t  i s  
t h e r e f o r e  n e c e s s a r y  f o r  c a r e f u l  im age a n a l y s i s  o f  a v e r y  
l a r g e  number o f  f i b r e s  t o  e n s u r e  t h a t  t h e  l o n g e s t  
p o s s i b l e  f i b r e  i s  m ea su r ed .  The o b s e r v e d  maximum f i b r e  
l e n g t h  s t a r t s  a t  a b o u t  1600 m ic r o n s  f o r  a 40% g l a s s  g r a d e  
and i n c r e a s e s  w i t h  d e c r e a s i n g  f i b r e  vo lum e f r a c t i o n ,
i i )  Pixel Size.  T h is  r e f e r s  t o  t h e  m a g n i f i c a t i o n  o f  th e  
m ic r o s c o p e  and h e n c e  t h e  s i z e  t h a t  o n e  p i x e l  o f  t h e  
d i s p l a y  r e p r e s e n t s .  The v i s u a l  s c r e e n  and l i v e  fram e a r e  
d e f i n e d  i n  p i x e l s ,  b u t  t h e  f i b r e s  a r e  m easu red  i n  
m ic r o n s .  The program  m a in ly  works i n  p i x e l s ,  2 . 7 4  
m ic r o n s  p e r  p i x e l  i s  t y p i c a l  f o r  t h e  m a g n i f i c a t i o n s  u s e d  
i n  t h i s  s e r i e s  o f  t e s t s ,
i i i )  Fibre Step Range. I n d i v i d u a l  f i b r e s  a r e  m easu red  t o  t h e  
r e s o l u t i o n  o f  a p i x e l .  However t h e  a n a l y s e r  g r o u p s  t h e  
d a t a  i n t o  f i b r e  l e n g t h  r a n g e s  t o  s i m p l i f y  l a t e r  a n a l y s i s .  
T h is  in p u t  r e f e r s  t o  t h e  s t e p  s i z e  o f  t h e s e  b a n d s .  32 
m ic r o n s  i s  f a i r l y  t y p i c a l .  T h is  v a l u e  a l s o  d e t e r m in e s  
t h e  lo w e r  bound and t h e  s t e p  s i z e  f o r  t h e  f i b r e  l e n g t h  
l o o p  w i t h i n  t h e  program ,
i v )  The Number of Fibres per Length Range. The s i m u l a t i o n  
random ly  d i s t r i b u t e s  f i b r e s  o v e r  t h e  v i s u a l  s c r e e n .  I t  
d o e s  t h i s  f o r  e a c h  l e n g t h  r a n g e .  The number o f  f i b r e s  
random ly  d i s t r i b u t e d  p e r  l e n g t h  r a n g e  i s  d e f i n e d  by t h i s  
i n p u t .  The l a r g e r  t h e  number, t h e  more a c c u r a t e  t h e  
f i n a l  s i m u l a t i o n .  V a lu e s  o f  5 , 0 0 0  and 1 0 , 0 0 0  f i b r e s
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a p p ea r  s a t i s f a c t o r y .  T h ere  may be  a p p r o x im a t e ly  50 f i b r e  
l e n g t h  r a n g e  l o o p s :
max' f i b r e  l e n g t h  = 1600um = 50
f i b r e  s t e p  r a n g e  32pm
and 1 0 , 0 0 0  f i b r e s  w i t h i n  e a c h  l o o p .  C o n s e q u e n t ly  t h i s
p r o c e s s  can  t a k e  a s u b s t a n t i a l  l e n g t h  o f  t im e  t o  ru n .
4 . 6 . 4 .  S i m u l a t i n g  t h e  D i s t r i b u t i o n
The com p u ter  s e t s  up two 2 - d i m e n s i o n a l  d a t a  a r r a y s  a k in  t o  
t h e  p i x e l  d im e n s io n s  o f  t h e  v i s u a l  s c r e e n  and l i v e  fram es  
r e s p e c t i v e l y .  A s e r i e s  o f  n e s t e d  l o o p s  i s  s e t  up w i t h i n  t h e  
program , t h e  f i r s t  o f  w h ich  d e t e r m in e s  t h e  f i b r e  l e n g t h ,  Li . The 
i n i t i a l  f i b r e  l e n g t h  i s  t h e  v a l u e  o f  t h e  fibre step range 
( s e c t i o n  4 . 2 . 8 . i i i ) ,  and w i t h  e a c h  s u c c e s s i v e  l o o p  i t  i n c r e a s e s  
by t h e  fibre step value, up t o  t h e  maximum fibre length ( s e c t i o n  
4 . 2 . 8 . i ) .  A s e c o n d  l o o p  i s  s e t  up from 0 t o  t h e  number o f  fibres  
per length range ( s e c t i o n  4 . 2 . 8 . i v ) .  The program now s i m u l a t e s  
t h e  random d i s t r i b u t i o n  o f  f i b r e s  o v e r  t h e  v i s u a l  s c r e e n .  X and  
Y c o o r d i n a t e s  w i t h i n  t h e  v i s u a l  s c r e e n  a r r a y  a r e  random ly  
s e l e c t e d  by t h e  com p u ter  f o r  e a c h  f i b r e .  T h is  r e p r e s e n t s  t h e  
random p o s i t i o n  o f  on e  end o f  a f i b r e .  A random f i b r e  a n g l e ,  0 ,  
i s  a l s o  c h o s e n .  The l e n g t h  o f  t h e  f i b r e  i s  known f o r  e a c h  s t e p  
r a n g e ,  L±, and h e n c e  t h e  c o o r d i n a t e  p o s i t i o n  o f  t h e  o p p o s i t e  end  
o f  t h e  f i b r e ,  X' and Y' can  b e  c a l c u l a t e d  by u s e  o f  s im p le  
t r i g o n o m e t r y :
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X' a X + L i S i n © (4.4)
Y' = Y+L^ cos0 (4.5)
If 3f is greater than Y ' then the coordinates X  and X ' , and, 
Y  and Y '  are exchanged. This is done to simplify the program and 
ensure that the lowest point of the fibre is at the X ' , Y ’ 
coordinate.
The program takes the X *  , Y ’ fibre end coordinate and 
determines whether it  lies within the live frame array. If it 
does, the fibre will be measured and counted:
is the total number of measurable fibres of actual 
length L whether measured correctly or incorrectly.
Any fibre whose X ' , Y '  coordinate lies outside the live 
frame is not measured at all. For any measured fibre, if the X ,  Y  
fibre end coordinate lies within the live frame or visual screen 
the fibre will be measured correctly. If however the X ,  Y  
coordinate lies outside the visual screen, the fibre will be 
incorrectly measured and will therefore be a miscount:
Mj_ is the total number of mismeasured fibres of actual 
length .
(4.6)
where
= IVLj + 1 (4.7)
where
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The total number of mismeasured fibres divided by the total 
number of measured fibres within the length range will give the 
proportion of miscounts, P ± ,  for fibres of length 2+, figure 
4.38:
pi = Mi / ci <4*8>
For any mismeasured fibre the distance between the X ' , Y '  
fibre end coordinate and the position where the fibre intercepts 
the perimeter visual screen is calculated. This is the fibres' 
mismeasured length. It is determined into which fibre length 
range this effectively shorter fibre would be recorded. A large 
array is set up to log the number of mismeasured fibres of length 
and into which shorter length range they are counted into. 
The procedure is repeated, stepping a fibre at a time, up to a 
maximum determined by the value of the f i b r e s  p e r  l e n g t h  r a n g e  
(about 10,000). The procedure is then repeated for the next 
length range in the ‘loop, and so on up to the maximum fibre 
length. Finally the number of mismeasured fibres attributed to 
shorter fibre length ranges is converted into fractions of the 
total miscount for the shorter length range.
The final result is a triangular array of data which 
describes the way in which a randomly distributed group of fibres
i
of known lengths are measured, mismeasured, and into which length 
ranges they are attributed in a simulated analyser.
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4.6.5. Correcting the Distribution
Imagine the count for a single fibre step range from the 
analyser of length L ± . The count is made up of the correctly 
measured fibres, N c , plus all of those fibres which are actually 
longer fibres, but which have been mismeasured, Nm. This 
mismeasured portion is made up from many longer fibre ranges, 
figure 4.39. If a very large number of fibres is measured, then 
the contribution to N m for a fibre length range of will be made 
up from all ranges longer than L ± up to the maximum fibre length, 
L m ax* can thus be broken down into a series of smaller
contributions from the individual fibre ranges:
= m^i+1 + m^i+2 + m^i+3 + .......... + m^.max (4.9)
The mismeasured contributions from the larger fibre ranges, 
N m i + x ' can be broken down further. N m±+X represents the fraction 
of fibres of length L ^ + x  that are measured as having length L  
multiplied by the true fibre count for fibres of length L ± + x i.e:
m^i+x = *ni+x (4.10)
where;
f ( L i + x )  Ls the fraction of fibres of length L ^ + x that are 
measured as having length
n i + x  ds the true fibre count of fibres of length L i + X .
The fraction of fibres of length L ± +x that are measured as 
having length , f ( L ± + x )  in the above equation, can be equated
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further. It is made up of the fraction of incorrectly counted 
fibres of length L ± + x  which are measured as length L i f  multiplied
by the fraction of the total number of fibres of length L ± +x
which are incorrectly measured:
(^^ i+x) ~ i^,i+x• i^+x (4.11)
■^mi+x = r i+x • ^ i+x • ni+x (4.12)
where;
i+x ds the fraction of incorrectly measured fibres of
length L i + X  which are counted as length 
f ± + x is the fraction of fibres of actual length L i + X
which are incorrectly measured; 
n i + x  ds the true number of fibres of length L i + X .
Combining equations (4.9) and (4.12) gives:
~ ^i, i+1 • ^ i+1 • ni+1 + Q i ,  i+2 * -^ i+2 * ni+2
**+ ^i,max* ^max,n max ( 4 . 1 3 )
Adding equation (4.2) to (4.13) describes the analyser' scount:
Nj_ = Nc + 9i,i+1 • fi+1 *ni+l +•••+ ?i/aiax* ^ max*nmax (4.14)
Substituting from equation (4.3) gives a relation between the
image analyser count of length ( N ± )  and true counts of all
fibre lengths greater than or equal to n4:
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Ni - n± (1 P^ ) + 9i, i+1 » f i+1 *ni + i +...+ 9i,max* ^raax *nmax (4.15)
Equation (4.15) is the fundamental relation basis for 
correcting the distribution.
Evaluating the parameters of equation (4.15): 
p i '  9 i , i + x '  anc^  ^ i + x  are calculated for the individual fibre 
length ranges in the computer simulation. is obtained from
the analyzers output.
The unknown quantities are the true counts of fibres of 
length, n± and n ± + x to n max. To solve the system of equations 
represented by (4.15) we note that as L± gets larger the number 
of N m i+ X  contributions becomes less. For L max there is no N m 
contribution at all, as there are no fibres longer than L max  
which can be mismeasured as having length L m a x . Hence:
^max ~ nmax (  ^“ pmax ) ( 4 . 1 6 )
Rearranging gives:
nmax = ^max /  G “ Pmax) ( 4 . 1 7 )
^ m a x an>J p max are known, hence n max is found. Equating the
solution for fibres one fibre step range shorter, L m a x - 1 '
Equation (4.15) can be expressed as:
Nmax-1 = nmax- 1  G - P max_-j ) + Umax-1 ,max• ^max• nmax ( 4 . 1 8 )
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n m ax ds known from equation (4.17). The only unknown is n m ax_ i ,  
and is thus solvable. This process can be carried on for 
subsequent values of L ± , eventually reaching L m i n , and thus 
adjusting the whole distribution.
This iteration is performed by a computer program 
interfaced to the computer simulation. The program takes the 
triangular array from the simulation (section 4.2.7). The array 
contains the values of P4, 9 i , ± + x * an(d f i + x  f°r fibre lengths 
L ± . The analyser's fibre count for the maximum fibre length, 
Njuaxf is inPut manually. The program solves equation (4.15/17). 
N m a x -1 ds input manually and equation (4.15) is solved, and so on 
until n4 is solved for all L_£.
The program finally converts the adjusted number count to 
a length count. Longer fibres are assumed to be cylindrical. 
Very short fibres (<30 microns) are fibre fragments produced by 
high curvature bending fracture. The ends of such fibres are 
triangular in profile, figure 4.40. For short fibres the fibre 
ends are a large proportion of the total fibre length, and thus 
the fibres can not be assumed to be cylindrical. A correction 
factor of 0.35 is applied to fibres below 60 microns in length 
to account for this. The final print-out gives volume percent 
versus length.
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4.6.6. Correction Programme Listing
Listing of Turbo Basic programme to correct the output from 
the image analyser.
REM THIS PROGRAM ADJUSTS FIBRE LENGTH DISTRIBUTIONS FROM THE 
IMAGE ANALYSER
GOSUB initialise 
GOSUB setuparrays
REM mainloop 
FOR lq=0 TO (mfl/fsr) 
l=lq*fsr/mpp 
count=0:fail=0:tot=0 
FOR n=0 TO fplr 
y=INT(vssy*RND) 
x=INT(vssx*RND) 
th=RND*2*4*ATN{1 ) 
xo=x+l*SIN(th) 
yo=y+l*COS(th)
IF y>yo THEN GOSUB switch
IF y=>(vssy-lfsy)/2 AND y<=lfsy+(vssy-lfsy)/2 AND
x=>(vssx-lfsx)/2 AND x<=lfsx+(vssx-lfsx) THEN LET 
count=*count+1
IF y<(vssy-lfsy)/2 OR y>lfsy+(vssy-lfsy)/2 OR
x<(vssx-lfsx)/2 OR x>lfsx+(vssx-lfsx) THEN GOSUB 
nocount
IF yo>vssy OR xo<0 OR xo>vssx THEN GOSUB miscount 
NEXT n 
GOSUB missort 
NEXT lq 
GOSUB matrixsort 
restart:
GOSUB fibdistribution 
GOSUB volumecount 
GOSUB printout 
ERASE np
DIM np(2,mfl/fsr)
GOTO restart 
END
initialise:
PRINT "TURN YOUR PRINTER ON"
INPUT "Reference",ref$
LPRINT "Reference",ref$
INPUT "Maximum Fibre Length (microns)", mfl 
LPRINT "Max Fibre Length (microns)",mfl 
INPUT "Microns Per Pixel",mpp 
LPRINT "Microns Per Pixel",mpp 
INPUT "Fibre Step Range (microns)",fsr
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LPRINT "Fibre Step Range (microns)",fsr 
INPUT "How many fibres per length range",fplr 
LPRINT "Fibres per length range",fplr 
INPUT "Visual Screen Size (x,y)",vssx,vssy 
LPRINT "Visual Screen Size (x,y)",vssx,vssy 
INPUT "Live Frame Size (x,y)",Ifsx,Ifsy 
LPRINT "Live Frame Size (x,y)",lfsx,lfsy 
RETURN
setuparrays:
DIM pf(mfl/fsr)
DIM mat(mfl/fsr,mfl/fsr)
DIM vf((mf1/fsr),2):ntot=0 
DIM ifd(mfl/fsr,mfl/fsr)
DIM np(2,mfl/fsr)
RETURN
switch:
SWAP x,xo 
SWAP y,yo 
RETURN
nocount: 
xo=vssx/2 
yo=vssy/2 
RETURN
miscount: 
fail=fail+1
IF xo>0 AND xocvssx AND yo>vssy THEN GOSUB topi 
IF xo<0 AND yo<vssy THEN GOSUB sidell 
IF xo>vssx AND yocvssy THEN GOSUB sidelr 
IF xo<0 AND yo>vssy THEN GOSUB corl 
IF xo>vssx AND yo>vssy THEN GOSUB corr 
lo=INT(lo*mpp/fsr) 
ifd(lq,lo)=ifd(lq,lo)+1 
RETURN
topi:
lo=l*((vssy-y)/(yo-y))
RETURN
sidell:
lo=l*(x/(x-xo))
RETURN
sidelr:
lo=l*((vssx-x)/(xo-x))
RETURN
corl:
lot=l*(x/(x-xo)) 
lol=l*((vssy-y)/ (yo-y))
IF lot<lol THEN LET lo=lot 
IF lol<lot THEN LET lo=lol 
RETURN
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corr:
lot=l*((vssx-x)/(xo-x)) 
lor=l*((vssy-y)/(yo-y))
IF lot<lor THEN LET lo=lot 
IF lor<lot THEN LET lo=lor 
RETURN
missort:
prob=fail*100/count 
pf(lq)=prob/l00
LPRINT "length (microns)";lq*fsr,"probability ";prob 
FOR z=0 TO lq
tot=tot+ifd(lq,z)
NEXT z
IF tot=0 THEN tot=1 
REM data logging 
FOR z=0 TO lq
ifd(lq,z)=ifd(lq,z)/tot 
NEXT z 
RETURN
matrixsort:
FOR y=0 to mfl/fsr 
FOR z=y TO mfl/fsr
mat(y,z)=ifd(z,y)*pf(z)
NEXT z 
NEXT y
FOR x=0 TO mfl/fsr 
mat(x,x)=1-pf(x)
NEXT x 
RETURN
fibdistribution:
FOR y=(mfl/fsr) TO 0 STEP -1
PRINT "fibre count for length ";y*fsr:INPUT n 
np(1,y)-n
FOR z=(mfl/fsr) TO y STEP -1 
n=n-mat(y,z)*np(2,z)
NEXT z 
np(2,y)=n/mat(y,y)
NEXT y 
RETURN
printout:
LPRINT 1 fibre length","number", "revised","volume", "revised" 
FOR z=0 TO mfl/fsr 
LPRINT USING
z*fsr, ,np(1,z), ,np(2,z), ,vf(z,1),,vf(z,2)
NEXT z 
RETURN
volumecount: 
ntot=0:nrtot=0
FOR z=0 TO (mfl/fsr)
IF z*fsr< = 60 THEN LET ntot=ntot+ . 35*np( 2, z ) *( z*fsr- (f sr/2 ) ) 
IF z*fsr>60 THEN LET ntot=ntot+np(2,z)*(z*fsr-(fsr/2))
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nrtot=nrtot+np(1, z)*(z*fsr-(fsr/2))
NEXT z
FOR z = 0 TO (mfl/fsr)
IF z*fsr<=60 THEN
vf(z,2)=.35*np(2,z)*(z*fsr-(fsr/2))*100/ntot 
IF z*fsr>60 THEN vf(z,2)=np(2,z)*(z*fsr-(fsr/2))*100/ntot 
vf(z,1)=np(1,z)*(z*fsr-(fsr/2))*100/nrtot 
NEXT z 
RETURN
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APPENDIX B
Listing of Turbo Basic programme to produce artificial 
fibre orientation plots.
REM *****PROGRAMME TO PRODUCE FIBRE ORIENTATION PLOTS******
$STACK 10000 
RANDOMIZE TIMER
INPUT "COLOUR(1), B/W( 2 ) HIGH RES 1 ( 3 ) " , COl%
IF col%=1 THEN INPUT "File Name"; fylename$
IF col%=1 THEN OPEN fylename$ FOR OUTPUT AS #1
IF col%=1 THEN GOSUB colour
IF col%=2 THEN GOSUB bandw
IF col%=3 THEN GOSUB highres
IF col%=3 OR col%=1 THEN mag=1.75
IF col%=2 THEN mag=1
LINE(0,2)-(640 , 2 ) , 1
LINE(0,2+189*mag)-(640,2+189*mag),1 
GOSUB main 
CLOSE #1
IF col%=2 THEN GOSUB savpic 
END
colour:
SCREEN 9 
PALETTE 0,7 
PALETTE 1,1 
PALETTE 2,2 
PALETTE 3,3 
PALETTE 4,4 
PALETTE 5,5 
PALETTE 6,6 
RETURN
bandw:
SCREEN 2,0 
PALETTE 0,15 
PALETTE 1,0 
RETURN
highres:
SCREEN 9,0 
PALETTE 0,15 
PALETTE 1,0 
RETURN
savpic:
DEF SEG=&HB800 
BSAVE "FPIC",0,16000 
PRINT "HELLO"
CLS
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DEF SEG = &HB800 
BLOAD "FPIC"
RETURN 
main:
FOR th%=2 TO 182*mag STEP 9*mag 
FOR an%=0 TO 150 STEP 30 
tl=0 
READ od
IF od> 0 THEN GOSUB orient 
NEXT an%
NEXT th%
RETURN
orient:
DO UNTIL tl*10/(mag*1.5)>od 
GOSUB fibselect 
IF ok%=1 THEN GOSUB plot 
LOOP 
RETURN
fibselect:
1%=1+INT(3000*RND) 
p=(0.4*RND)
li= ( (1/(2*3.1 4159 T0.5)*EXP(-0.5* ( (2. 49291 2-( (LOG(l%))"0.5)) 
/0.084606)*2)) 
ok %=0
IF p<li THEN GOSUB fibreok 
RETURN
fibreok:
x%=INT(640 *RND) 
y%=INT(9*mag*RND) 
a%=INT(30 *RND) 
y%=y%+th% 
a%=a%+an%
xe%=x%+INT((1%*0.016*mag)*(2.26)*COS(0.01 745*a%)) 
ye%=y%+INT((1%*0.016*mag)*SIN(0.01745*a%)*mag)
IF xe%<0 THEN xe%=0 
IF xe%>640 THEN xe%=640 
IF ye%>191*mag THEN ye%=191*mag 
IF ye%< 0 THEN GOTO fibreok
IF x%<0 OR x%>640 OR y%<0 OR y%>191*mag THEN GOTO fibreok 
ok%=1
tl=tl+l%/l000
RETURN
plot:
c%=1+INT(1%/500)
IF col%=2 OR col%=3 THEN C%=1 
LINE(x%,y%)-(xe%,ye%),c%
IF col%=1 THEN GOSUB fyle 
RETURN
fyle:
xe%=x%+INT((1%*0.041)*COS(0.01745*a%))
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ye%=y%+INT((1%*0.028)*SIN(0.01745*a%))
IF c%=1 THEN WRITE #1,x%,y%
IF c%=1 THEN WRITE #1,xe%,ye%
IF c%=2 THEN WRITE #1,x%,"xH,y%
IF c%=2 THEN WRITE #1,xe%,"x",ye%
IF c%=3 THEN WRITE #1,x%,"x","x",y%
IF c%=3 THEN WRITE #1,xe%,"x","x",ye%
IF c%=4 THEN WRITE #1,x%,"x"/"x"/"x",y%
IF c%=4 THEN WRITE #1 ,xe%, "x", "x", "x",ye%
IF c%=5 THEN WRITE #1,x%,"x", "x","x","x",y%
IF c%=5 THEN WRITE #1,xe%, "x","x","x","x",ye%
IF c%>5 THEN WRITE #1/x%,"x,,,"x","x","x","x",y%
IF c%>5 THEN WRITE #1 ,xe%, V ,,"x",V,"x","x"/ye%
WRITE # 1 ,
RETURN
REM ***ORIENTATION DATA****
DATA 49.50,00.00,00 
DATA 49.83,00.00,00 
DATA 49.62,00.00,00 
DATA 47.62,00.00,00 
DATA 26.99,00.94,00 
DATA 09.42,01.13,00 
DATA 11.60,01.40,00 
DATA 06.02,02.69,00 
DATA 03.05,00.50,00 
DATA 00.91,07.87,08 
DATA 01.07,28.92,16 
DATA 13.51,43.36,19 
DATA 48.60,34.76,03 
DATA 61.44,17.17,01 
DATA 65.56,05.42,00 
DATA 56.98,00.15,00 
DATA 52.06,00.25,00 
DATA 48.17,01.48,00 
DATA 48.62,00.28,00 
DATA 47.90,00.00,00 
DATA 48.33,00.14,00 
RETURN
12.00.00.00.18.50.18 
00,00.00,00.00,50.16 
00,00.00,00.00,50.37 
00,00.00,00.24,52.13 
00,00.16,00.49,71.41
58.00.49.13.57.74.80
72.00.29.07.71.78.28 
86,04.52,20.45,65.45 
77,03.31,36.50,55.87 
31,28.36,43.78,10.75 
04,26.44,24.72,02.79 
32,16.95,04.03,02.82 
61,03.42,03.57,06.03
17.01.37.00.92.17.92
32.00.00.01.57.27.13
16.00.18.00.00.42.53
25.00.37.01.23.45.82
22.00.00.00.00.50.12 
00,00.00,00.00,51.00 
00,00.00,00.00,52.10 
00,00.00,00.00,51 .52
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Figure 4.1 The size and shape of the Visual Screen and Live Frame
of the im age analyser. The visual screen around the live 
fra m e  is the region designed to act as a sa fe ty  ne t fo r  
overlapping fibres.
Figure 4.2 Fibres are only m easured in  the live fra m e  in  which their 
lowest poin t lies. In  this w ay each fibre is only m easured  
once. The Visual screens m u s t overlap i f  the live fram es  
are to m easure every fibre.
Figure 4.3 The refraction o f light at the surfaces o f the fibres  
produces a clear black and white digital image.
Figure 4.4 Problems associated w ith  m easuring the fibre lenath  
are caused^ by crossing fibres (a) and touching fibres
Figure 4.5 The digital fibre im ages are reduced in  thickness u n til  
they are ju s t one p ixel thick. This process is called 
skeletisation and is essential fo r  the unam biguous use 
of later digital m anipulation.
Figure 4.6 Fibre crossing and touching poin ts are detected.
A digital blank spot is inserted a t the fibre  joins. 
This has the e ffect o f separating the fibres.
Figure 4.7 Fibres are rejoined and measured. Only fibres w ith in  
a predeterm ined distance and angular range o f each 
other w ill be joined. The length o f fibre lost due to the 
skeletising process can be also be readded at this p o in t
mrnmmrnmm+z\
: Visual Screen
l l l l l l i  T.ivp F r a n
y y y y y y y  v w c :
Figure 4.8 In order fo r  no long fibre to be m ism easured  the
border surrounding the image fra m e  would need to be 
at least as large as the longest possible fibre, e.g. 2.6m m . 
This would impose huge m em ory and resolution restrictions 
upon the im age analyser.
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Figure 4.9 Fibres whose lowest p o in t lies w ith in  the live fra m e  are
measured. Fibre (A) and Fibre (B) are m easured  correctly. 
Fibre (C) is measured, but only to the edge o f the visual 
screen. The m easured lengths are represented by the arrows.
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I Figure 4.10 b
F i g u r e  4 . 1 1  Fibre Orientation Distributions observed in 
optical transmission microscopy through thin 
sections taken through the specimens mid-plane. 
Section through the thickness shown above. 
Section through the breadth shown below.
Figure 4.12 Sections taken perpendicular to the three m ajor axes 
produces a good description of the overall fibre  
orientation distribution o f the composite. However, 
the quantitaive use o f this data is highly complex.
F I B R E  O R I E N T A T I O N  D I S T R I B U T I O N
C E N T R A L  P L A N E  O F  S P E C I M E N
-  Surface
Core
Surface
Specimen Length
Figure 4.14 Computer generated FOD fro m  the data obtained 
fro m  the im age analyser.
Figure 4.13 The composite can be treated as a three p ly
laminate. The Krenchel orientation fac tor can 
be calculated fo r  the sk in  and core and then fo r  
the composite as a whole.
Fi
br
e 
Vo
lu
me
 
(%
) 
Fi
br
e 
Vo
lu
me
 
(%
)
Fibre Length Distribution
O r i g i n a l  a n d  A d j u s t e d  C u r v e s
Fibre Length (microns)
LOG-NORMAL F.L.D
1 5 %  G l a s s  F i b r e s
Fi
br
e 
Vo
lu
me
 
(%
) 
Fi
br
e 
Vo
lu
me
 
(%
)
LOG-NORMAL F.L.D
3 0 %  G l a s s  F i b r e s
LOG-NORMAL F.L.D
4 0 %  G l a s s  F i b r e s
Fibre Length (microns)
Fi
br
e 
Vo
lu
me
 
(%
) 
Fi
br
e 
Vo
lu
me
 
(%
)
LOG-NORMAL F.L.D
C o m p a r i n g  F i b r e  L o a d i n g
Fibre Length (microns)
1 5 %  glass
— i—
3 0 %  glass 
— >*.— -
4 0 %  glass
Fibre Length Distribution
3 0 %  G l a s s  E x t r u d e d  G r a n u l e
Fibre Length (microns)
Fibre Length Distribution
3 0 %  G l a s s  M o u l d e d  S a m p l e
Figure 4.22 Thin slices were taken from  five  positions through the
thickness (y  p lane) ana breadth (x  plane). Image analysis 
techniques were employed to determ ine the fibre orientation  
distributions o f these sections.
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F i g u r e  4 . 3 1  Holes left after the rubber has been dissolved 
from the PP show an even distribution and size.
F i g u r e  4 . 3 2  The remnant holes are not spherical in shape.
They exhibit an ellipsoid with the primary axis 
in the melt fill direction.
F i g u r e  4 . 3 3  The remnant rubber holes, in and around the
channel left by a fibre which was pulled-out 
under cryogenic conditions, show that there is no 
segregation of rubber to the fibre surfaces.
F i g u r e  4 . 3 4  Rubber particles dissolved from the fracture 
surface of a Charpy specimen broken under 
cryogenic conditions leave holes showing their 
original position.
F i g u r e  4 . 3 5  The opposite fracture face to that shown in 
figure 4.34, in this case without the rubber 
having been dissolved. The rubber can be seen 
protruding from the fracture surface.
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Figure 4.36 The fibre length counts fro m  the image analiser, N^, are 
made up fro m  counts o f correctly measured fibres, Nc, 
and counls fro m  incorrectly measured fibres Nm .
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Figure 4.39 The total contribution from  
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Figure 4 .4 0  Fibres are broken during extrusion by the action 
of high curvature bending. The resultant fibre 
ends and fibre fragments have a triangular 
profile.
5. FIBRE/MATRIX INTERFACE
When an external stress is applied to a SFRTP specimen, the 
load is transmitted from the matrix to the fibre through the 
fibre/matrix interface. Two models describe the stress profile 
developed in the fibre, namely the Cox and the Kelly and Tyson 
models (for detailed descriptions see section 2.3.1). In both 
models the tensile stress in the fibre increases from 
approximately zero at the fibre ends to a maximum value at its 
centre. The maximum stress is limited by one of two competing 
processes. If the load transferred into the fibre reaches the 
failure strength of the fibre the fibre will break into two 
pieces. A small increase in the external load perpetuates the 
fibre breakage process until all fibre fragments are less than 
or equal to a minimum fibre length at which the maximum tensile 
stress can reach the fibre tensile strength. This length is 
termed the critical fibre length, l c . At this point the tensile 
stress in the fibre cannot reach the fracture stress of the fibre 
and no further fibre fragmentation will occur.
As discussed in chapter 2.3.1 Kelly and Tyson1 have related 
the critical length to the interfacial shear strength, t, through 
a force balance around an embedded fibre (figure 2.12) and 
obtained the following equation for the critical length:
lc = (o.d)/(2.x) (5.1 )
where a  is the ultimate tensile strength of the fibre, and d  is 
the diameter of the fibre.
145
Thus, if the critical length for a fibre embedded in a 
matrix can be determined experimentally, the fibre/matrix 
interfacial shear strength between the fibre and the matrix can 
be evaluated for a fibre of known strength and diameter. 
Attempts have been made previously by many other workers to 
measure directly the critical length of a fibre embedded in a 
thermoset resin. Most of these studies are based on the 
measurement of fibre pull-out lengths, fibre pull-out forces, or 
the fibre fragment lengths of an embedded fibre subjected to a 
tensile force.
Work on fibres embedded in thermoplastic matrices is limited 
and more complex to carry out due to the difficulties associated 
with specimen preparation. Thermosetting resins can be handled 
and prepared with ease under standard laboratory conditions 
resulting in a representative interface. Thermoplastic matrices 
need to be heated to temperatures in excess of their melting 
point in inert conditions, as they are subject to oxidation, and 
commonly under the influence of shear forces. The equipment 
necessary to achieve these conditions does not lend itself 
to the preparation of specimens containing a single fibre. The 
fibre/matrix interface in the specimen needs to be as similar as 
possible to that produced during extrusion and injection 
moulding. Representative fibres need to be dispersed well, so 
as not to influence each other, and aligned to the loading 
direction. It was with these problems in mind that a series of 
specimen preparation techniques was developed.
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5.1. SINGLE FIBRE SPECIMEN PREPARATION
Ideally one would like to produce well dispersed aligned 
glass fibres through an injection moulding technique, but this 
was not possible with the equipment available. It was thus 
decided to attempt to mould polymer around single long fibres 
through a combination of pressure and temperature. A fibre 
fragmentation technique could be employed to evaluate l c from the 
resultant specimen. Early techniques utilised powder and 
granules melting around individual fibres. Problems associated 
with these techniques were entrapped gases and degradation of the 
polymer. Degradation was overcome to a large extent by enclosing 
the system in an inert gas. The entrapped bubbles were reduced 
through moulding thinner sections. However the problems were 
s till encountered to an unacceptable extent and the material was 
not of an acceptable standard.
The failures of the earlier techniques led to a number of 
criteria that any subsequent technique would need to fulfil in 
order to work successfully:
The specimen needs to be consolidated under pressure and 
temperature to reduce entrapped gases in the specimen;
The preparation technique is required to be as brief as 
possible and in the absence of oxygen in order to minimise 
polymer degradation;
The final specimen needs to be as thin as possible to 
enable the fibre to be observed in situ and hence the fibre 
fragment lengths to be measured directly.
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5.1.1. Compression Moulding
A completely new lamination procedure was developed. Strips 
of polypropylene, less than 1mm in thickness, were produced. Two 
such strips were laminated together with aligned fibres 
positioned between their opposing faces. This resulted in a thin 
strip of polypropylene with fibres bonded in its centre.
A new mould was designed to produce the thin strips. A 
drawing of the mould is shown in figure 5.1. The compression 
mould consisted of a male tool that slots exactly into a 
rectangular female slot where the polymer was positioned. At the 
base of the female slot was a sheet of PTFE supported on a glass 
fibre mesh. This acted as a release film, and also appeared to 
help the flow of the molten material.
Both parts of the mould were placed on a hot plate, and 
heated to 250°C. The mould parts were taken from the hot plate 
and spacers placed on the female part to determine the thickness 
of the final strip. A previously moulded unnotched Izod specimen 
was placed into the centre of the slot of the female mould. The 
male part was introduced to the female slot, aligned and 
inserted. The mould was now at a considerably lower temperature, 
circa 210°C, than when it left the hot plate. The mould was 
placed in a press, which was at room temperature,and placed under 
considerable pressure. This forced the polymer to flow down the 
channel left between the mould parts by the spacers. Excess 
material was forced out of the ends of the mould. The platens 
of the press were cooled with water, and acted as heat sinks for
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the mould. The mould was cooled directly by compressed air jets 
aimed at its exposed flanks.
When the mould was cool, after 20 minutes, the mould was 
opened and the new thin tape removed. These tapes were usually 
defect free. The tape was then cut into two, half way along its 
length. One face of each half was ground down to produce a 
pristine surface uncontaminated by reaction with either the mould 
or PTFE surfaces. These two faces would become the bonding 
surfaces for the fibres in the centre of the final coupon. A 
dozen or so glass fibres were laid parallel down the length of 
one tape and a drop of superglue applied to hold them in position 
prior to final consolidation. The other tape was positioned face 
down on the fibres and bonded to the other tape by the superglue 
at its ends.
The mould parts were reheated to a temperature of about 
225°C, i.e. slightly less than the that of the first cycle. The 
consolidation process was repeated as in the first stage, but 
with the laminated tapes and fibres replacing the Izod specimen. 
The spacers were set to 1.5 times the thickness used in the tape 
preparation. This was done to promote limited polymer flow down 
and around the fibre length to ensure good bonding.
Defect free specimens were possible, but usually small 
bubbles of air became entrapped between the two tapes and as a 
result there were small bubbles in the final specimen. These 
defects were cut out, or positioned so that they lay in the grip 
face of the Instron during testing.
Prior to testing the coupons faces were prepared for optical 
microscopy. Any surface defects, such as the texture imprinted
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from the glass fibre matt of the PTFE, were ground away, using 
carborundum papers, to a 4000 grit finish. This produced an 
almost polished surface appearance. The surfaces were not 
actually polished as this tended to disfigure the surface.
Ideally the coupons should have been tested in situ under 
an optical microscope on a straining stage. However this was not 
possible during the period of this work due to an updating of 
microscope facilities at the University. Instead the coupons 
were strained to 10% in an external testing machine. At this 
extension the matrix was extended well beyond the breaking strain 
of the fibre, ensuring that fibre fragmentation was complete. 
The single fibre tensile test specimens were not loaded to 
complete failure in order to avoid the failure of the loaded 
specimen sending shock waves through the coupon and possibly 
producing further damage in the fibre. The coupon was slowly 
unloaded and removed for further analysis.
The coupons'surfaces'were given a further grind on the 4000 
grit, and then observed using transmission optical microscopy. 
Representative samples are shown in figures 5.2 and 5.3 for the 
rubber toughened grade specimens, polarised light showed regions 
of residual stress after unloading.
In the untoughened grades, subsequent to loading, 
transmission microscopy revealed fibre breaks and debonds as dark 
regions in and along the fibres length respectively, figure 5.4. 
The graduated microscope stage travel and the cross-hairs in the 
optical turret made it possible to measure the distance between 
the fibre breaks.
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A histogram can be constructed from the measured fragment 
lengths. Following Kelly and Tyson theory a normal distribution 
of fragment lengths should be obtained varying from -Jl c  to l c , 
with the peak of the histogram at 3/4 l c . Normally the fragment 
length distribution is broader than the 2:1 ratio predicted. 
This is due to the existence of flaws in the fibre, thereby 
causing its strength to depend on length. However the peak of 
the broadened histogram should s till correspond to 3/4 l c. On 
a cumulative frequency curve this corresponds to the 50% count.
5.1.2. Matrix Selection for Single Fibre Coupons
Initial single fibre specimens were limited to the 
unreinforced grades which had already been moulded into Izod 
bars. This allowed samples to be produced with polypropylene, 
PP and 10% rubber, PP and 30% rubber, and PP and coupling 
matrices. Problems were encountered with the rubber toughened 
grades. These grades stress-whitened as they were loaded, 
obscuring the fragmented fibre. It was possible to obtain 
results from the 10% rubber grades, but not from grades with 
higher rubber contents. This limited the testing to three 
grades. To see the influence of the rubber and the coupling 
combined it  was necessary to produce a new grade, (PP, 10% rubber 
and coupling). It would have been very arduous to carry out the 
full compounding, extrusion and injection moulding. Fortunately, 
small quantities of extruded granules and constituent elements 
from all of the previously prepared grades had been kept. 
Granules of polypropylene with coupling, A H 1 B , were mixed with
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rubber granules to produce a 10% rubber coupled grade. This was 
then injection moulded into Izod bars using the small injection 
moulder at the University of Surrey. Conditions were kept as 
similar as possible to those used at ICI.
Single fibre specimens were thus produced in polypropylene 
with combinations of 10% rubber and/or coupling.
5.2. FIBRE/MATRIX INTERFACE RESULTS
It has been shown by other workers2 that the fragmentation 
technique gives results which are not absolute interfacial 
properties, but which are highly dependent on the initial stress 
state of the fibre. However the technique does give good 
comparative results. An important consideration is to try to 
ensure that the specimen preparation technique mimics the 
creation of the fibre/matrix interface normally produced in 
extrusion compounding and injection moulding. Determining the 
effectiveness of this procedure is virtually impossible without 
more complex analytical techniques. The above considerations 
mean that the results detailed in this chapter must at best be 
approximations of the interfacial shear properties.
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5.2.1. Interfacial Shear Strength
The fragment lengths are measured and the count of each
length is plotted against fibre length either on a bar chart or
as a cumulative curve. Figures 5.6 and 5.7 show such curves for 
the combined number of measured fibre fragments from several 
coupons containing many fibres. All curves show a reasonable 
approximation to a normal distribution of fibre lengths. The 
curves with the largest critical length have the greatest range, 
as would be expected by weak link fibre theory.
The critical lengths for the four matrices are determined
as:
Polypropylene H o m o polymer 2.20 m m
Polypropylene and Coupling 1 .23 mm
Polypropylene and 10% Rubber 4.67 m m
PP, 10% Rubber and Coupling 2.45 mm
Table 5.1 Fibre/Matrix critical length
The critical length would be expected to decrease with the 
addition of coupling and increase with the addition of rubber and 
this is observed experimentally. However, the effect of the 10% 
rubber addition on the measured critical length is greater than 
might be expected from simple particulate theory.
The Kelly and Tyson interfacial shear strength, x, is 
calculated from:
■^c = (5.2)
x
where;
r^  = 7.0 x 10-6 m 
°uf = 3,4 x 109 Pa
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The bulk strength data of the fibre were obtained courtesy 
of the fibres manufacturer. The interfacial shear strength is 
calculated as:
Polypropylene homopolymer 10.80 M P a
Polypropylene & coupling 19.30 M P a
Polypropylene & 10% rubber 5.10 M P a
PP & 10% rubber & coupling 9.70 MPa
Table 5.2 Measured interfacial shear strength
The work of Folkes et a l.3 measured that for glass fibres 
in polypropylene the critical length is about 700 microns and the 
interfacial shear strength 30 MPa. The results obtained in this 
work suggest a substantially weaker interfacial bond. This is 
probably a result of the reduced wetting of the fibre by the 
molten polypropylene. Possible reasons for these discrepancies 
are most likely to be associated with the specimen preparation. 
Poor interfacial bonding may be due to:
very limited flow of polymer around the fibre; 
entrapped air around the fibre;
degradation of the polymer due to four melting cycles.
Despite the quantitative results of these series of 
experiments falling short of the expected results good 
comparative behaviour can be seen. The addition of coupling and 
rubber increases and decreases respectively the interfacial shear 
strength and modulus.
The results of these tests are applied, with the results of 
the microstructural characterisation and base material properties 
to theoretical mechanical models in chapter six.
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Fig 5.1 The single fibre compression mould.
Izod bars are compressed in the central slot to produce 
thin strips. Laminated strips and continuous fibres are 
compression bonded to produce final thin specimens.
F i g u r e  5 . 2  Rubber toughened grades exhibit residual stress
which can be observed as different colours under 
polarised light. Scale bar = 10 microns.
F i g u r e  5 . 3  A Fibre end shows the redistribution of stress
into the matrix. Scale bar = 50 microns.
F i g u r e  5 . 4  Grades not containing rubber were observed in
plane transmission microscopy. Fibre breaks and 
debonds can be observed as dark regions down the 
fibres length. Scale bar = 50 microns.
F i g u r e  5 . 5  Many fibre fragment lengths need to be measured
in order to evaluate the fibre/matrix critical 
length. Scale bar =100 microns.
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6. MECHANICAL MODELLING
Many workers have attempted to model the mechanical 
properties of short fibre reinforced polymers, with differing 
levels of success. The fundamental problem in modelling such 
materials is the quantification of the large number of 
compositional variables, such as r, l c, and the fibre 
length/orientation distributions. In the course of this project 
all these parameters have been measured. The aim of the present 
chapter is to use these data in appropriate models to predict the 
stress/strain response and strength of any rubber toughened and 
glass reinforced polypropylene composite accurately.
6.1. ASSUMPTIONS WITHIN THE MODEL
To aid in modelling this particular system, certain 
assumptions have been made:
i) The duplex matrix phase of rubber spheres in continuous 
polypropylene is treated as a single homogeneous phase using 
modified particulate theory;
ii) Fibres carry load in a Kelly and Tyson model type profile. 
This allows the results of the single fibre fragmentation test 
to be used directly;
iii) The interfacial shear stress is a function of the 
composite strain (discussed in section 2.3.3).
The models are based on a modified version of the Bader and 
Bowyer1 concept of a strain dependent critical length. At any
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particular strain the response of the composite can be separated 
into two distinct contributions - that of the matrix, (the 
mixture of rubber and polypropylene) and that of the fibres, 
(those of sub and super critical fibres). Firstly we will 
consider the behaviour of the matrix. Only then can the fibre 
contribution be evaluated since the fibre/matrix interface is 
affected by the matrix properties.
6.2. THE MATRIX
Modelling of the stress-strain response of a fibre filled 
polymer requires initially a knowledge of the loading response 
of the unreinforced matrix. The stress/strain response of the 
polypropylene was measured and recorded in the tensile tests 
described in chapter 3. Using particulate theory the effect of 
the rubber can then be modelled in a simple way as outlined 
below.
The rule-of-mixtures approximation we use treats the filler, 
(rubber in this case) as a cube at the centre of a unit cube of 
matrix, figure 6.1. The cube of rubber has sides of length 
F r 1^ 3  s o  that the volume fraction is F r .
The horizontal slab 3  containing the reinforcement has the 
Reuss modulus (section 2.3.1), Eb;
E b = E rV r + EpVp (6.1)
where;
E p  is the Youngs modulus of polypropylene,
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E r  is the Youngs modulus of rubber,
E m is the Youngs modulus of composite matrix.
The volume fraction of rubber, Vr , in slab B is F r 2 ^ 2 .
Hence:
Eb = ErFr2/3 + Ep(1-Fr2/3) (6.2)
Considering the cube as a whole, slab B  is in parallel with slab
A and C , and hence the Voigt model (section 2.3.1) is applicable,
thus:
Em -  E g , Ep  (6.3)
Eg (1 ~VB ) +EpVg
where VB is the volume fraction of slab B  in the unit cube, given 
by:
VB = Fr173 (6.4)
Hence:
Era =  ^ A ^ R L L z F r . 273 ) } ■, (6.5)
{ErFr ' +Ep (1 -Fr 73) } [ 1 -Fr ' 3 ] +EpFr /3
Or more elegantly:
E,
J ^ p t l E ^ p l r i F , 273 } . E 
,+ (Er-Ep) . • <1 - * r  ^
(6 .6 )
The results from the mechanical testing discussed in section 
3 give the modulus of the composite matrix at different rubber 
levels. The modulus of the pure rubber is not known but can be
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estimated from a knowledge of the mechanical properties of 
various rubber toughened polypropylene grades using equation
(6.6). This gives the modulus of the rubber as being negative, 
and varying significantly between different rubber levels. 
Obviously this rule-of-mixtures model can not be a true 
representation of the influence of the rubber upon the matrix. 
The magnitude of the modulus of a typical polyolefin rubber is 
of the order of a few megapascals, whilst the modulus of the 
polypropylene is of the order of 2 gigapascals, three orders of 
magnitude difference. A small addition of rubber will reduce the 
modulus of the matrix substantially as the difference in 
compliance is so great. If it  is assumed that the rubber 
contributes effectively zero stiffness, then the rubber particles 
can be envisaged as small voids within the matrix.
Making this assumption, equation (6.6) reduces to:
E„ « <1-Fr)Ep (6.7)
Even using the above simplification, the mechanical response 
of the rubber toughened polypropylene grades is only approached 
loosely. The problem arises in that the reduction of matrix 
stiffness does not equate in a linear manner to the addition of 
rubber. Equation (6.7) underestimates the reduction in modulus 
as a result of small additions of rubber. Further additions of 
rubber have a further but less significant detrimental effect. 
This type of behaviour can be represented by a power law response 
of the form:
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Em = Ep.(1-Fr)x (6.8)
where x  is a constant describing the rate at which the rubber 
softens the matrix. Equation (6.8) can be rearranged and x  
evaluated from the best fit to the experimental data for the 
rubber toughened polypropylene grades. The constant is found to 
be 0.69 for the AH2__ grade materials and 0.56 for the A£f7__ grade 
materials. This difference in the exponent is consistent with 
the differences in mechanical properties of identical grades 
produced in different campaigns.
Substituting stress and strain for the moduli, equation (6.8) 
can be rewritten:
0tiAm = (ap/ep). (1-Fr)x (6.9)
Equating the strain in the matrix, s m, to the strain in the 
polypropylene, e p r allows the stress in the matrix, a m, to be 
calculated from the stress in the polypropylene, o p r at that same 
strain. Figure 6.2 shows the curve fits for the 10% rubber 
(AH1C) and 30% rubber (AH1D & AH2B) modified grades.
It will be important to incorporate the deviation from the 
rule-of-mixtures when modelling the fibre/matrix interface 
behaviour in subsequent sections.
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6.3. THE COMPOSITE
The stress/strain response of the composite is to be 
modelled using the analysis developed by Bader and Bowyer1 as 
described in section 2.3.3. In this manner the fibre length 
distributions evaluated in chapter 4 can be used to calculate the 
fibre contribution through an iterative process in a computer 
program. In an advancement to the basic model, the interfacial 
shear stress is modelled as changing with the composite stress, 
and the maximum interfacial shear stress is dependant on the 
matrix composition.
The yield strength of the composite grades can also be 
approximated from a modified rule-of-mixtures type prediction. 
This is a very simplistic model and does not account for any of 
the microstructural weakening factors such as fibre cross-over 
density and fibre end fracture initiation.
To reiterate, in a material containing short fibres it is 
necessary to relate the stress in the fibres to the applied 
stress. The Kelly-Tyson2 relationship assumes a linear build-up 
of stress from the fibre ends. The critical length of fibre is 
defined as the minimum fibre length required for the stress in 
the fibre to build up to the fracture strength of the fibre, a£,
lc = raj/x (6.10)
where 2 r  is the diameter of the fibre and x is the interfacial 
shear stress. This is related to the shear strength of the
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matrix or the strength of the fibre-matrix interface. Throughout 
this chapter a Kelly and Tyson fibre stress profile will be 
assumed.
6.3.1. Stress/Strain Response
The non-linear response of a short fibre composite is the 
result of two processes. Firstly, the non-linear base polymer 
response, discussed in the previous section, and secondly the 
reinforcing contribution of the fibres. As there is a range 
fibre lengths the individual fibres do not contribute equally. 
As the strain in the composite is increased the shorter fibres 
reach the maximum load beyond which they can carry no greater 
load. At any composite strain there will be a discrete fibre 
length at which that fibre is supporting its maximum load. This 
length is termed the 'critical length'. This redefinition of the 
critical length allows the critical length to be related to the 
strain. Increasing the strain in the composite will allow 
eventually the stress in a sufficiently long fibre to reach the 
tensile strength of the fibre. At this point the fibre will 
fracture - this length being the previously defined 'composite 
critical length'. A slight modification to the Kelly and Tyson3 
critical length gives the strain dependant critical length, l c :
lc = recEf/x (6.11)
where:
r is the fibre radius;
sc is the strain in the composite;
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t  is the interfacial shear strength.
Bader and Bowyer1 developed a summation process to evaluate 
the contribution of individual components to the composite 
stress. For any particular strain X f Y  and Z  (equations 6.12 to 
6.15) are the individual contributions from the subcritical fibres, 
ipercritical fibres and matrix respectively to the composite stress.
Ecec = ac » nQ( X+Y ) + Z (6.12)
where;
x = E( subcritical )T'bi^ ri/^rf (6.13)
Y = 2 (Supercritical) Ef ec (1 “ I EfEcrf/21ix}) (6.14)
and;
Z = Em£c(1-Vf) (6.15)
where V4 and Vj are the volume subfractions of fibres with 
lengths 14 and 1 j , respectively, Em is the matrix modulus and Vf
the volume fraction of all fibres. The q Q term has been added
to account for the non-alignment of the fibres.
Equations 6.12 to 6.15 are calculated within a computer 
model, which takes as input parameters the fibre length 
distributions and the base polypropylene response. The computer 
programme steps at small increments of strain from zero to an 
input specified strain at yield (this value is very difficult to 
calculate theoretically as will become apparent later in this 
chapter) . At each step it calculates the critical length at that 
strain and then calculates the sum of the contributions from the
Ef is the fibre modulus;
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sub and supercritical fibres using an interfacial shear strength 
assigned as discussed in the next section. The stress carried 
by the fibres is added to that of the matrix (corrected 
appropriately for the addition of rubber). The process is then 
repeated for each additional increase in strain, resulting in a 
stress-strain response for the whole composite up to the defined 
yield strain.
6.4. INTERFACIAIi SHEAR STRESS
The original model developed by Bader and Bowyer1 assumed 
a constant interfacial shear stress. This assumption is clearly 
an over simplification. Gupta and Mittal3 in later work found 
the interfacial shear stress to be related to the composite 
stress by a constant factor. The interfacial shear stress was 
also found to be very closely related to the response of the base 
polymer (matrix) stress strain profile. Applying the Bader- 
Bowyer and Gupta-Mittal interfacial shear stress hypothesis to 
the model gives significantly different results. Figure 6.3 
gives stress strain responses from both models with identical 
initial data. The Bader and Bowyer assumption gives high 
stresses and moduli at low strains, but a more realistic load 
response at higher strains. Conversely, the Mittal and Gupta 
work tends to give lower more accurate stresses than the Bader 
and Bowyer model at low strains but overestimates the stress 
increase at higher strains.
Both of these models fail to predict the manner in which the 
interfacial shear stress changes with strain over the total
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strain range of the composite. The Mittal and Gupta work is 
probably a very close approximation at low strains, but at higher 
strains, especially in a relatively ductile matrix, it seems more 
likely that the interfacial shear stress will level out, and 
possibly even peak as the matrix begins to yield. At these high 
strains the Bader Bowyer hypothesis is more likely. To enable 
both effects to be approximated, a power law fit can be used of 
the form:
T = Tmax * 1 app/ aPPy)y (6.16)
where:
Tmax is maximum interfacial shear stress (from the 
fibre fragmentation test); 
a p p  is the stress in the polypropylene base polymer
at any composite strain, s c ; 
a p p y  is the stress in the composite at matrix yield;
y is found to be 0.35 from data analysis.
The form of the interfacial shear stress from equation
(6.16) is plotted against strain in figure 6.4. In this manner
the interfacial shear stress rises rapidly at low strains, 
approaching the maximum value quickly. This is a purely 
empirical approach and appears to be a sensible compromise 
between the theories proposed previously.
The interfacial shear stress will also be influenced by the 
matrix composition. In chapter five the addition of low levels 
of rubber to the matrix was shown to reduce the interfacial shear 
strength significantly. It is reasonable therefore to assume 
that the interfacial shear stress will be reduced on the addition
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of rubber in a similar manner to the elastic modulus of the 
matrix, i.e:
^matrix = P^Pmax* (<7pp/<7ppy)y • (1 ~Er)x (6.17)
In this way a single factor (x = 0.69) accounts for the 
effect of the rubber on the mechanical properties of base 
polymer, the effect on the stress transferred at the fibre matrix 
interface, and hence on the critical fibre length at any strain.
From the analysis of this section it is possible now to 
account for the change in interfacial shear stress with 
increasing strain, and to allow also for the reduction in the 
interfacial shear stress caused by the addition of rubber to the 
matrix.
These factors are incorporated in both the composite 
stress/strain and following yield strength predictive processes. 
A listing of the computer programme developed to predict these 
properties is given in the appendices at the end of this 
chapter.
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6.5. YIELD STRENGTH
Taking the Kelly and Tyson stress profile of a loaded short 
fibre it is a simple operation to calculate the average stress 
in a fibre whose length is shorter than the composite critical 
length:
of = la|/21c (6.18)
The strength of the composite by a simple rule of mixtures 
analysis will be:
a* - (l©;/21c)Vf + a*(1-Vf) (6.19)
For a composite containing fibres longer than lc the strength is
given by:
a* = (a£{l-lc/2}/l)Vf + o;(1-Vf) (6.20)
If some of the fibres are longer than the critical length, l j ,
and some are shorter, l i f  combining equations (6.19) and (6.20) 
gives the (sometimes called modified rules-of-mixtures) strength 
of the composite as:
o* = S ( l i Oj/210)Vi + E(Of ( l j - l c/ 2 ) / l j )Vj + < ( 1 - V f ) (6.21)
where;
EVi + EVj = Vf (6.22)
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The stress in the matrix, o f  can be approximated from the 
stress in the rubber toughened polypropylene (equation (6.8)) 
where x  is 0.69, thus producing equation 6.25. The fibre 
orientation factor, q Q, evaluated in chapter 4, can be applied 
to equation 6.21 to account for the non-alignment of the fibres. 
The final equations are thus:
a - Uo^ fibres) + ^ ) a( matrix) (6.23)
where;
a( fibres) = E (li°f/21c) Vd + £ ( lj-lc/2 ) / lj ) Vj (6.24) 
a(matrix) “ Ep. (1 “Fr)® (6.25)
and;
EV± + SVj = Vf (6.22)
A computer programme was developed to sum the strength 
contribution of the sub and supercritical fibres at the 
experimentally measured failure strain. The contribution of the 
matrix was added to this to give an approximation of the strength 
of the composite. A listing of the computer programme is given 
in the appendices at the end of this chapter.
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6 . 6 .  PR ED IC TIV E CURVES
W it h in  t h i s  s e c t io n  th e  p r e d i c t i v e  s t r e s s - s t r a i n  c u rv e s  o f  
t h e  r u b b e r  to u g h e n e d  and  s h o r t  f i b r e  r e in f o r c e d  m a t e r i a l s  a r e  
p r e s e n t e d .
6 . 6 . 1 .  M o d e l C o e f f i c i e n t s
To g e n e r a te  th e  m o d e l p r e d i c t i o n s  i t  i s  n e c e s s a r y  t o  a s s ig n  
r e a s o n a b le  v a lu e s  t o  t h e  m a t e r i a l  v a r i a b l e s ; -  
E f  « 73 x  1 0 9 Pa  
r f  = 7 x  10~6 m
*  x max = 25 x  1 0 6 Pa (C o u p le d )
*  Tmax “ 1 4 . 8  x  1 0 6 Pa (U n c o u p le d )
P o ly p r o p y le n e  s t r e s s / s t r a i n  re s p o n s e  s t o r e d  i n  d a t a  f i l e  
F L D 1s s t o r e d  i n  d a t a  f i l e s
G la s s  15 Wt% a V f ( 5 . 4 0 )  : O r i e n t a t i o n  f a c t o r ^  riQ a* 0 . 8 0 4
G la s s  30 Wt% = V f ( 1 0 . 8 )  : O r i e n t a t i o n  f a c t o r r i 0 = 0 . 7 8 1
G la s s  40 Wt% a V f ( 1 4 . 4 )  : O r i e n t a t i o n  f a c t o r ^ 7  ^ r]0 =* 0 . 7 6 5
R u b b e r w e ig h t  p e r c e n t  i s  e q u a l  t o  v o lu m e  p e r c e n t  ( 0 - 4 0 % )
*  T h e  m a x im u m  i n t e r f a c i a l  s h e a r  s t r e s s  e v a lu a t e d  f r o m  t h e
f i b r e  f r a g m e n t a t i o n  t e s t  w a s  f o u n d  t o  g i v e  l o w  r e s u l t s  w hen
a p p l i e d  t o  t h e  m o d e l . B o th  t h e  c o u p le d  a n d  u n c o u p le d  
r e s u l t s  w e re  i n c r e a s e d  b y  t h e  sa m e  f a c t o r  t o  g i v e  v a lu e s  
m o re  c o n s i s t e n t  w i t h  o t h e r  w o r k e r s 2
The o r i e n t a t i o n  f a c t o r  i s  c a l c u l a t e d  fro m  a th ro u g h  
th ic k n e s s  a v e r a g e .
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6 . 6 . 2 .  M odel R e s u l t s
F ig u r e s  6 .2  and  6 .5  t o  6 . 1 2  g iv e  a ra n g e  o f  th e  c u rv e s  
p r e d ic t e d  b y  t h e  m o d i f ie d  B a d e r  B o w yer s t r e s s / s t r a i n  m o d e l a lo n g  
s id e  th e  e x p e r im e n t a l  c u r v e s .  I n  g e n e r a l ,  i t  c an  b e  s e e n  t h a t  
th e  m o d e l and  e x p e r im e n t  a r e  i n  v e r y  c lo s e  a g r e e m e n t . The  
c o u p le d  g ra d e s  g iv e  t h e  b e s t  a g re e m e n t f o r  th e  l a r g e s t  s t r a i n  
r a n g e .  The  u n c o u p le d  g ra d e s  g iv e  good a g re e m e n t a t  lo w  s t r a i n s ,  
b u t  a t  h ig h e r  s t r a i n s  th e  m o d e l o v e r e s t im a t e s  t h e  e x p e r im e n t a l  
d a t a  ( f i g u r e  6 . 1 2 ) .  T h is  i s  p r o b a b ly  due t o  th e  f r i c t i o n a l  
f i b r e / m a t r i x  i n t e r f a c e  o f  th e  u n c o u p le d  g ra d e s  d e b o n d in g  a t  th e  
h ig h e r  s t r a i n s .  T h is  e f f e c t  w o u ld  c a u s e  th e  i n t e r f a c i a l  s h e a r  
s t r e s s  p r o f i l e  t o  p e a k  a t  much lo w e r  lo a d s  th a n  i s  th e  s i t u a t i o n  
f o r  th e  c o u p le d  g r a d e s .  F o l lo w in g  th e  d e b o n d in g , t h e  i n t e r f a c i a l  
s h e a r  s t r e s s  may f a l l  o r  w i l l  a t  b e s t  re m a in  c o n s t a n t .  The  
d eb o n d ed  f i b r e s  can  c a r r y  no a d d i t i o n a l  lo a d  and t h i s  r e s u l t s  in  
th e  re d u c e d  y i e l d  s t r e n g t h  and  s t r a i n  t o  y i e l d .
F ig u r e s  6 . 1 3  t o  6 . 1 5  g iv e  th e  m o d if ie d  r u l e - o f - m i x t u r e s  
p r e d i c t i o n  f o r  y i e l d  s t r e n g t h  o f  t h e  c o m p o s ite  g r a d e s .  F o r  th e  
f i b r e  f i l l e d  g r a d e s ,  f i g u r e  6 . 1 3 ,  th e  m o d e l o v e r e s t im a t e s  th e  
y i e l d  s t r e n g t h  s u b s t a n t i a l l y ,  p a r t i c u l a r l y  f o r  t h e  u n c o u p le d  
g r a d e s .  The m o d e l i s  d e f i c i e n t  i n  t h a t  i t  does  n o t  p r e d i c t  th e  
y i e l d  o f  th e  m a t r i x  a ro u n d  th e  f i b r e s ,  m ore p re d o m in a n t i n  th e  
c o u p le d  g r a d e s .  S i m i l a r l y ,  t h e  m o d e l does n o t  a c c o u n t  f o r  th e  
i n t e r n a l  n o tc h in g  e f f e c t  o f  th e  f i b r e s  p ro m o tin g  f a i l u r e ,  
p a r t i c u l a r l y  i n  th e  u n c o u p le d  g r a d e s .
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The a d d i t i o n  o f  r u b b e r  t o  th e  u n r e in f o r c e d  g ra d e s  te n d s  t o  
e x te n d  th e  s t r a i n  t o  y i e l d  o f  th e  p o ly m e r .  T h is  in c r e a s e s  th e  
r e l a t i v e  s t r e n g t h  o f  th e  p o ly m e r  a t  y i e l d .  The m o d e l d o es  n o t  
a c c o u n t f o r  t h i s  and  h e n c e  u n d e r e s t im a te s  th e  y i e l d  s t r e n g t h ,  
f i g u r e  6 . 1 4 .
The  m o d e l p r e d i c t s  t h a t  th e  a d d i t i o n  o f  r u b b e r  t o  th e  f i b r e  
f i l l e d  g ra d e s  d e c re a s e s  t h e  s t r e n g t h  o f  th e  c o m p o s ite ,  f i g u r e  
6 . 1 4 .  H o w e v e r, a g a in  th e  m o d e l o v e r e s t im a t e s  th e  e x p e r im e n t a l l y  
d e te r m in e d  r e s u l t s  e s p e c i a l l y  f o r  th e  u n c o u p le d  g r a d e s .  A g a in ,  
t h i s  i s  p r i m a r i l y  as a r e s u l t  o f  th e  f i b r e s  d e b o n d in g  fro m  th e  
m a t r ix  and  i n i t i a t i n g  f a i l u r e .
I n  c o n c lu s io n ,  p r e d i c t i o n  o f  c o m p o s ite  s t r e n g t h  i s  
i n h e r e n t l y  d i f f i c u l t  b e c a u s e  th e  o n s e t  o f  y i e l d  i s  a s s is t e d  by  
i n t e r n a l  s t r e s s  c o n c e n t r a t io n s  s u ch  as  th o s e  c a u s e d  by  th e  
n o tc h in g  e f f e c t  o f  th e  f i b r e s  o r  th e  i n t e r f a c i a l  f a i l u r e  a t  th e  
f i b r e  e n d s . H o w e v e r, th e  s t r e s s / s t r a i n  re s p o n s e  o f  th e  c o m p o s ite  
can  be p r e d ic t e d  w i t h  c o n f id e n c e  w i t h i n  th e  l i m i t a t i o n s  o f  m ic ro  
y i e l d  i n  th e  m a t r i x .  F o r  th e  c o u p le d  g r a d e s ,  t h i s  e x te n d s  a lm o s t  
t o  th e  y i e l d  p o i n t  o f  th e  c o m p o s ite .  I n  th e  u n c o u p le d  g ra d e s  i t  
i s  m o st p r o b a b le  t h a t  f i b r e s  debond  a t  lo w  s t r a i n s  r e d u c in g  t h e i r  
e f f i c i e n c y  and  th u s  t h a t  o f  th e  c o m p o s ite .  D ebonded r e g io n s  
p r o v id e  a f r a c t u r e  p a th  f o r  m ic ro  f r a c t u r e  in d u c in g  p re m a tu re  
y i e l d .  A s in g le  p o w er la w  e x p o n e n t d e s c r ib e s  th e  e f f e c t  o f  th e  
r u b b e r  i n  th e  m a t r i x  and  a ls o  on th e  f i b r e / m a t r i x  i n t e r f a c e .  
T h is  f a c t o r  h as  a  s i g n i f i c a n t  e f f e c t  upon th e  c a l c u l a t e d  c r i t i c a l  
l e n g t h  a t  an y  p a r t i c u l a r  s t r a i n ,  and  h e n c e  upon t h e  r e i n f o r c i n g  
e f f i c i e n c y  o f  th e  f i b r e s .  I t  h as  b e en  p o s t u la t e d  t h a t  th e
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i n t e r f a c i a l  s h e a r  s t r e s s  f o l lo w s  a p o w er la w  r e l a t i o n s h i p  o f  th e  
b a s e  p o ly m e r  re s p o n s e . T h is  p r o v id e s  a co m p ro m ise  b e tw e e n  a  
r a p i d l y  in c r e a s in g  s h e a r  s t r e s s  a t  lo w  s t r a i n s  and a c o n s t a n t  
i n t e r f a c i a l  s h e a r  s t r e s s  a t  h ig h e r  s t r a i n s  when t h e  m a t r i x  y ie l d s  
a ro u n d  th e  f i b r e .
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CHAPTER S IX
A p p e n d ix  A
T u rb o  B a s ic  program m e l i s t i n g  f o r  c o m p o s ite  s t r e s s / s t r a i n  
re s p o n s e  e v a l u a t i o n .
REM * T H IS  PROGRAM CALCULATES THE STRESS STRAIN RESPONSE OF GLASS* 
REM * * * F IB R E  AND RUBBER TOUGHENED PLASTICS USING AN IT E R A T IV E * * * *  
REM ****P R O C E S S  WHICH SUMS THE CONTRIBUTION OF SUB AND S U P E R ** * * *  
REM * * * * * * * * * C R I T I C A L  FIB R ES TO THE KELLY-TYSON MODEL * * * * * * * * * * *
m f l= 2 2 8 0 e - 6  
$ STACK 5000
REM **m fl= m a x im u m  f i b r e  le n g t h  
s s = 4 0 e - 6
REM * * s s = s t e p  s iz e  
DIM  f l d ( 2 , m f l / s s )
DIM s t r a i n ( 1 2 4 )
DI M s t r e s s & ( 1 2 4 )  
r e t r y :
GOSUB s y s te m d a ta  
GOSUB f i d  
RESTORE 
GOSUB m a in lo o p  
GOSUB p r e s e n t a t io n  
LOCATE 2 5 , 3 0
P R IN T "Do you w is h  t o  t r y  a n o th e r  p l o t "
A$ = IN P U T $ ( 1 )
I F  a $ = " y "  THEN 
GOTO r e t r y  
ELSE  
END I F  
END
m a in lo o p :
REM * *  M AIN LOOP * *  
s to r e = 0
FOR e c= 0  TO ( 0 . 0 0 1 + m s t r / 1 0 0 )  STEP 0 . 0 0 0 5  
P R IN T  USING c
f r = f r o " . 6 9  
READ sp
t = t a u * ( s p " 0 . 3 5 ) / ( 3 0 . 7 5 e 6 " 0 . 3 5 )
I F  t > t a u  THEN t = t a u  
I F  t= 0  THEN t= 1  
l i = r f * e f * e c / ( t * ( 1 - f r ) )
GOSUB c r i t i c a l  
GOSUB s u b c r i t  
GOSUB s u p e r c r i t  
f r a = ( f r * ( 1 - v f ) )  
z = ( 1 - f r a ) * s p * ( 1 - v f ) 
s c = n * ( x + y ) + z  
GOSUB s t o r e d a t a  
NEXT ec  
RETURN
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REM * *  T H IS  ROUTINE LOADS DATA OF THE RELEVANT * *
REM * *  F IB R E  LENGTH D IS T R IB U T IO N  * * * * * * * * * * * * * * * *
I F  v f < . 0 7  THEN RESTORE f l d f i f t e e n
I F  v f > . 0 7  AND v f  < . 1 2  THEN RESTORE f l d t h i r t y
I F  v f > . 1 2  THEN RESTORE f l d f o r t y
FOR a=0  TO ( m f l / s s )
READ f i d ( 1 , a )
f l d ( 2 , a ) = ( a * s s ) + ( s s / 2 )
NEXT a  
RETURN
REM * *  DETERM INING THE PERCENT OF SU B /SU PER C R ITIC A L F IB R E S * * * * * *  
c r i t i c a l : 
a=0  
DO
a=a+1
IF  a >m f l / s s  THEN RETURN 
LOOP U N T IL  f l d ( 2 , a ) > l i  
b =a  
RETURN
REM * *  CALCULATE CONTRIBUTION OF SU BCR ITICA L FIB R ES *  ic *  -k *  ~k -k -k ick  *  
s u b c r i t : 
x=0
FOR a=1 TO b -1
x i = t * ( 1 - f r ) * f l d ( 2 , a ) * ( f l d ( 1 , a ) - f l d ( 1 , a - 1 ) ) * v f / ( 2 * r f * 1 0 0)  
x = x + x i  
NEXT a  
RETURN
REM * *  CALCULATE CONTRIBUTION OF SUPERCRITICAL FIB R ES * * * * * * * * *  
s u p e r c r i t : 
y~o
FOR a=b  TO ( m f l / s s )
y i= * e f * e c * (  1 - ( e f * e c * r f  /  ( 2 * f l d (  2 ,  a ) * ( t * (1 -  f r ) ) )  ) ) *
( f l d ( 1 , a ) - ( f l d ( 1 , a - 1  ) )  ) * v f / 1 0 0  
y = y + y i  
NEXT a  
RETURN
REM * *  IN P U T DATA ON SYSTEM 'k 'k idck-kicR 'R 'k 'k 'kick'kidckidckick'k'k 'kit'k idc'R 'k'k+ 'k  
s y s te m d a ta :
IN P U T MYoungs M o d u lu s  o f  F i b r e " ; e f  
IN P U T " O r ie n t a t io n  F a c t o r " ; n  
IN P U T " F ib r e  R a d i u s " ; r f  
I N P U T " I n t e r f a c i a l  S h e a r  S t r e n g t h " ; t a u  
IN PUT"M axim um  S t r a i n  ( % ) " ; m s t r  
I F  m s tr> 6  THEN m s tr= 6
IN P U T "V o lu m e  F r a c t io n  o f  G la s s  i n  C o m p o s ite " ;v f  
IN P U T "V o lu m e  f r a c t i o n  o f  R u b b e r i n  M a t r i x " ; f r o  
x = 0 : y = 0 : z = 0 : v i = 0
REM * *  STRESS STRAIN  RESPONSE OF POLYMER * * * * * * * * * * * * * * * * * * * * * *
f i d :
1 74
0 0 0 . 0 0 0 ,  01 . 6 6 e 6 , 0 2 . 6 6 e 6 , 0 3 . 6 6 e 6 , 0 4 . 6 6 e 6 , 0 5 . 6 6 e 6 , 0 6 . 6 6 e 6 , 0 7 . 6 6 e  
6 , 0 8 . 6 6 e 6 , 0 9 . 55e 6  
DATA
1 0 . 4 0 e 6 , 1 1 . 2 0 e 6 , 1 2 . 1 0 e 6 , 1 3 . 0 0 e 6 , 1 4 . 0 0 e 6 , 1 4 . 6 6 e 6 , 1 5 . 3 3 e 6 , 1 6 . 0 0 e  
6 , 1 6 . 6 6 e 6 , 1 7 . 0 0 e 6  
DATA
1 7 . 8 3 e 6 , 1 8 . 3 3 e 6 , 1 8 . 6 6 e 6 , 1 9 . 1 6 e 6 , 1 9 . 6 6 e 6 , 2 0 . 1 6 e 6 , 2 0 . 6 6 e 6 , 2 1 . 0 0 e  
6 , 2 1 . 3 3 e 6 , 2 1 . 6 6 e 6  
DATA
2 2 . 1 6 e 6 , 2 2 . 5 0 e 6 , 2 2 . 8 3 e 6 , 2 3 . 0 6 e 6 , 2 3 . 5 0 e 6 , 2 3 . 7 3 e 6 , 2 4 . 1 6 e 6 , 2 4 . 4 3 e
6 , 2 4 . 7 3 e 6 , 2 5 . 0 0 e 6
DATA
2 5 . 3 3 e 6 , 2 5 . 6 6 e 6 , 2 5 . 9 3 e 6 , 2 6 . 2 8 e 6 , 2 6 . 5 0 e 6 , 2 6 . 6 6 e 6 , 2 6 . 9 3 e 6 , 2 7 . 1  3e  
6 ,  2 7 . 3 3 e 6 , 2 7 . 66e6  
DATA
2 8 . 0 0 e 6 , 2 8 . 2 7 e 6 , 2 8 . 5 0 e 6 , 2 8 . 6 6 e 6 , 2 8 . 8 7 e 6 , 2 9 . 0 7 e 6 , 2 9 . 3 3 e 6 , 2 9 . 5 7 e  
6 , 2 9 . 7 7 e 6 , 3 0 . 0 0 e 6  
DATA
3 0 . 2 3 e 6 , 3 0 . 5 0 e 6 , 3 0 . 7 5 e 6 , 3 0 . 9 0 e 6 , 3 1 , 1 0 e 6 , 3 1 . 3 0 e 6 , 3 1  . 4 0 e 6 , 3 1  . 6 0 e  
6 , 3 1 . 8 0 e 6 , 3 2 . 00e6  
DATA
3 2 . 2 0 e 6 , 3 2 . 3 0 e 6 , 3 2 . 6 0 e 6 , 3 2 . 8 0 e 6 , 3 2 . 9 0 e 6 , 3 3 . 0 0 e 6 ,  3 3 . 2 0 e 6 , 3 3 . 3 0 e  
6 , 3 3 . 5 0 e 6 , 3 3 . 6 0 e 6  
DATA
3 3 . 8 0 e 6 , 3 4 . 0 0 e 6 , 3 4 . 1 0 e 6 , 3 4 . 3 0 e 6 , 3 4 . 4 0 e 6 , 3 4 . 6 0 e 6 , 3 4 . 7 0 e 6 , 3 4 . 8 0e  
6 , 3 5 . 0 0 e 6 , 3 5 . 1 0e6  
DATA
3 5 . 2 0 e 6 , 3 5 . 3 0 e 6 ,  35 . 5 0 e 6 , 3 5  . 6 0 e 6 , 3 5 . 7 0 e 6 , 3 5 . 8 0 e 6 , 3 5 . 9 0 e 6 , 3 6 . OOe 
6 , 3 6 . 1 0 e 6 , 3 6 . 3 0e 6  
DATA
3 6 . 4 0 e 6 , 3 6 . 5 0 e 6 , 3 6 . 6 0 e 6 , 3 6 . 7 0 e 6 , 3 6 . 8 0 e 6 , 3 6 . 9 0 e 6 , 3 7 . 0 0 e 6 , 3 7 . 1 0 e  
6 , 3 7 . 2 0 e 6 , 3 7 . 3 0 e 6  
DATA
3 7 . 4 0 e 6 ,  3 7 . 5 0 e 6 , 3 7 . 6 0 e 6 , 3 7 . 6 5 e 6 , 3 7 . 7 0 e 6 , 3 7 . 8 0 e 6 , 3 7 . 9 0 e 6 , 3 8 . OOe 
6 , 3 8 . 0 5 e 6 , 3 8 . 1 0e6
DATA 3 8 . 1 5 e 6 , 3 8 . 2 0 e 6 , 3 8 . 2 5 e 6 , 3 8 . 3 0 e 6 , 3 8 . 3 3 e 6 , 3 8 . 3 5 e 6 , 3 8 . 3 6 e 6  
RETURN
s t o r e d a t a :
s t r a i n ( s t o r e ) =ec  
s t r e s s & { s t o r e ) =sc  
s t o r e = s t o r e + 1  
RETURN
p r e s e n t a t io n :
P R IN T MP r e s e n t  d a ta  as  a l i s t  o f  num bers (1 ) "
P R IN T "a s  a f i l e  ( 2 ) "
IN P U T " o r  as a g ra p h  ( 3 ) " ; p r e s  
I F  p re s = 1  THEN GOSUB num bers  
I F  p re s = 2  THEN GOSUB f y l e  
I F  p re s = 3  THEN GOSUB g ra p h  
RETURN
n u m b e rs :
REM * *  SEND DATA TO THE PRINTER *  * * * *  *  * *  *  ■A'****' * * * * * * * * * * * *  * * * *
1 7 5
REM * *  SEND DATA TO THE PRINTER * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
L P R IN T : L P R IN T
\  # . M -------- "
"Y oungs M o d u lu s  o f  F i b r e " , e f  
" O r i e n t a t io n  F a c t o r " , n  
" F ib r e  R a d i u s " , r f  
" I n t e r f a c i a l  S h e a r  S t r e n g t h " , t a u  
"V o lu m e F r a c t io n  o f  G l a s s " , v f  
"V o lu m e f r a c t i o n  o f  R u b b e r " , f r o
p$ = " \
L P R IN T  USING p$  
L P R IN T  USING  p$  
L P R IN T  USING p$  
LP R IN T  USING p$  
LP R IN T  USING p$  
LP R IN T  USING p$  
L P R IN T : L P R IN T : 
LP R IN T 'S t r a i n  S t r e s s  M o d u lu s "
FOR a=0  TO ( m s t r / 0 . 0 5 )  STEP 2 '
I F  s t r a i n ( a ) >0 THEN y o u n g = s tr e s s & ( a ) / s t r a i n ( a )  ELSE young=0  
L P R IN T  USING ” # . M  § . M  # . # #  " ; s t r a i n ( a ) ,
s t r e s s & ( a ) ,  young  
L P R IN T  
NEXT a  
RETURN
f y l e :
REM * * *  OUTPUT TO F IL E
IN PU T " F i l e  n am e"; fy le n a m e $
OPEN fy le n a m e $  FOR OUTPUT AS #1 
WRITE # 1 , "Y oungs M o d u lu s  o f  F i b r e " , e f  
W RITE # 1 , " O r i e n t a t io n  F a c t o r " , n  
W RITE # 1 , " F i b r e  R a d i u s " , r f  
WRITE # 1 , " I n t e r f a c i a l  S h e a r  S t r e n g t h " , ta u  
WRITE # 1 , "V o lu m e F r a c t io n  o f  G l a s s " ,v f  
WRITE # 1 , "V o lu m e f r a c t i o n  o f  R u b b e r " , f r o  
W RITE # 1 , " S t r a i n " , " S t r e s s "
FOR a=0  TO ( m s t r / 0 . 0 5 )
WRITE # 1 , s t r a i n ( a ) , s t r e s s & ( a )
NEXT a  
CLOSE #1 
RETURN
g r a p h :
REM * *  D ISPLA Y STR ESS-STR A IN  CURVE ON VDU * * * * * * * * * * * * * * * * * * * *  
SCREEN 8 
CLS
COLOR 9 ,1  
LOCATE 3 ,1
P R IN T  " 0 . 5 %  MODULUS " ;
P R IN T USING s t r e s s &  (1 0 ) /  . 005
L IN E  ( 5 0 , 1 5 0 ) - ( 5 0 , 5 Q )
L IN E  ( 5 0 , 1 5 0 ) - ( 6 0 0 , 1 5 0 )
LOCATE 6 ,1
P R IN T  USING " M A  " ;  s t r e s s &  ( m s t r / 0  . 0 5 )
LOCATE 1 9 , 3  
P R IN T  " 0 "
FOR a=0  TO m s tr
p t = ( a / m s t r ) * 6 8 . 7 5 + 6 . 2 5  
LOCATE 2 1 , p t  
P R IN T  a  
NEXT a  
• LOCATE 2 3 , 3 5
1 7 6
LOCATE 1 3 , 1  
P R IN T  "STRESS"
FOR a=0  TO 30
L IN E  ( 5 0 + a * 1 8 . 3 3 , 1 5 0 ) - ( 5 0 + a * 1 8 . 3 3 , 1 5 5 )  
L IN E  ( 5 0 , 5 0 + 3 . 3 3 * a ) - ( 4 5 , 5 0 + a * 3 . 3 3 )
NEXT a
f a c = 1 0 0 / s t r e s s & ( m s t r / 0 . 0 5 )  
r a c = 5 5 0 / ( m s t r / 0 . 0 5 )
FOR a=1 TO ( m s t r / 0 . 0 5 )
L IN E  ( 5 0 + r a c * ( a - 1 ) , 1 5 0 - s t r e s s & ( a - 1 ) * f a c ) 
- ( 5 0 + r a c * a , 1 5 0 - s t r e s s & ( a ) * f a c )
NEXT a  
RETURN
REM * *  QUANTIMAT F IB R E  LENGTH D IS T R IB U T IO N S  * * * * * * * * * * * * * * * * * * * *
f l d f i f t e e n :
DATA
0 0 . 0 0 , 0 0 . 0 0 , 0 0 . 0 1  , 0 0 . 1 0 , 0 0 . 4 5 , 0 1  . 2 3 , 0 2 . 6 0 , 0 4 . 6 1  , 0 7 . 2 5 , 1 0 . 4 3 , 1 4 . 0 7  
DATA
1 8 . 0 3 , 2 2 . 2 2 , 2 6 . 5 4 , 3 0 . 8 8 , 3 5 . 2 1  , 3 9 . 4 4 , 4 3 . 5 4 , 4 7 . 4 8 , 5 1  . 2 5 , 5 4 . 8 3 , 5 8 . 2 0  
DATA
61 . 3 8 , 6 4 . 3 6 , 6 7 . 1 5 , 6 9 . 7 5 , 7 2 . 1 8 , 7 4 . 4 3 , 7 6 . 5 3 , 7 8 . 4 8 , 8 0 . 2 8 , 8 1 . 9 6 , 8 3 . 5 1  
DATA
8 4 . 9 5 , 8 6 . 2 8 , 8 7 . 5 1  . 8 8 . 6 5 , 8 9 . 7 1 , 9 0 . 6 9 , 9 1 . 5 9 , 9 2 . 4 4 , 9 3 . 2 1 , 9 3 . 9 4 , 9 4 . 6 1  
DATA
9 5 . 2 3 , 9 5 . 8 0 , 9 6 . 3 4 , 9 6 . 8 4 , 9 7 . 3 0 , 9 7 . 7 3 , 9 8 . 1 2 , 9 8 . 4 9 , 9 8 . 8 4 , 9 9 . 1 6 , 9 9 . 4 6  
DATA 9 9 . 7 4 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0
f l d t h i r t y :
DATA
0 0 . 0 0 , 0 0 . 0 0 , 0 0 . 0 0 , 0 0 . 0 4 , 0 0 . 3 2 , 0 1 . 2 1 , 0 3 . 1 1 , 0 6 . 2 7 , 1 0 . 6 7 , 1 6 . 1 3 , 2 2 . 3 5  
DATA
2 8 . 9 9 , 3 5 . 7 8 , 4 2 . 4 5 , 4 8 . 8 2 , 5 4 . 7 9 , 6 0 . 2 9 , 6 5 . 2 5 , 6 9 . 7 1 , 7 3 . 6 7 , 7 7 . 1 7 , 8 0 . 2 4  
DATA
8 2 . 9 2 . 8 5 . 2 6 . 8 7 . 2 9 . 8 9 . 0 4 . 9 0 . 5 6 . 9 1  . 8 7 , 9 3 . 0 0 , 9 3 . 9 7 , 9 4 . 8 1  , 9 5 . 5 4 , 9 6 . 1 6  
DATA
9 6 . 7 0 . 9 7 . 1 7 . 9 7 . 5 7 . 9 7 . 9 1  , 9 8 . 2 1  , 9 8 . 4 7 , 9 8 . 6 9 , 9 8 . 8 8 , 9 9 . 0 5 , 9 9 . 2 0 , 9 9 . 3 2  
DATA
9 9 . 4 3 , 9 9 . 5 3 , 9 9 . 6 2 , 9 9 . 6 9 , 9 9 . 7 5 , 9 9 . 8 1 , 9 9 . 8 6 , 9 9 . 9 0 , 9 9 . 9 3 , 9 9 . 9 7 , 1 0 0 . 0  
DATA 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0
f l d f o r t y :
DATA
0 0 . 0 0 , 0 0 . 0 0 , 0 0 . 0 0 , 0 0 . 0 9 , 0 0 . 5 8 , 0 2 . 0 0 , 0 4 . 8 1  , 0 9 . 1 6 , 1 4 . 8 6 , 2 1 . 5 7 , 2 8 . 8 4  
DATA
3 6 . 2 9 , 4 3 . 5 9 , 5 0 . 5 2 , 5 6 . 9 3 , 6 2 . 7 4 , 6 7 . 9 3 , 7 2 . 5 1 , 7 6 . 5 2 , 7 9 . 9 2 , 8 2 . 9 9 , 8 5 . 5 7  
DATA
8 7 . 7 7 , 8 9 . 6 5 , 9 1 . 2 5 , 9 2 . 6 1 , 9 3 . 7 7 , 9 4 . 7 5 , 9 5 . 5 9 , 9 6 . 3 0 , 9 6 . 9 0 , 9 7 . 4 1 , 9 7 . 8 5  
DATA
9 8 . 2 1 , 9 8 . 5 3 , 9 8 . 8 0 , 9 9 . 0 3 , 9 9 . 2 2 , 9 9 . 3 9 , 9 9 . 5 4 , 9 9 . 6 5 , 9 9 . 7 6 , 9 9 . 8 5 , 9 9 . 3 3  
DATA
1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 .0  
DATA 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0 , 1 0 0 . 0
1 7 7
A p p e n d ix  B
T u rb o  B a s ic  program m e l i s t i n g  f o r  c o m p o s ite  s t r e n g t h  
p r e d i c t i o n .
REM ****C A L C U L A T E  FAILUR E S T R E S S * * * * * * * * * *  
r e t r y :
s t r e s s f = 3 . 4e9
IN P U T " W e ig h t F r a c t io n  o f  G la s s  ( % ) " ; w f  
v f = w f / 2 7 7 . 7 8
IN P U T "V o lu m e  F r a c t io n  o f  R u b b e r " , v r  
f r = v r ~  0 . 6 9
I N P U T " I n t e r f a c i a l  S h e a r  S t r e n g t h " , t a u  
l c = 7 e - 6 * s t r e s s f / ( t a u * ( 1 - f r ) )
IN P U T " F ib r e  O r i e n t a t i o n  F a c t o r " , c  
v m= ( 1 - v f ) * ( 1 - f r ) 
s t r e s s m = 3 9 . 7 3e 6  
GOSUB f i b r e f a c
s t r e s s c = ( v f * s t r e s s f * a v * c ) + ( v m * s t r e s s m )
P R IN T  USING " M A  " ; s t r e s s c  
P R IN T  a v
P R IN T  " A n o th e r  G ra d e ? "  
a$  = IN P U T $ ( 1 )
IF  a $ = " y "  OR a $ = " Y "  THEN 
GOTO r e t r y  
ELSE 
END I F  
END
f i b r e f a c :
t o t = 0  : f e t o t = 0
I F  w f = >40 THEN f a = 2 . 4 7 6 1 3 1  : f b = 0 . 084571
IF  w f > 20 AND w f < 40 THEN f a = 2 . 4 9 2 9 1 2  : f b = 0 . 0 8 4 6 0 6  
I F  w f <=20 THEN f a = 2 . 5 2 2 5  : f b = 0 . 1 0 8 0 7 2  
FOR a =2 0  TO 3 020  STEP 40
v o l=  ( ( 1 /  ( 2 * 3 . 1 4 1 5 9 ) * 0 . 5 )  *EXP ( -  0 . 5 * (  ( f a -  ( ( LO G ( a )  T O .  5 )  ) / f b ) ~ 2 )  ) 
I F  a * l E - 6 < = l c  THEN f e = ( a * 1 e - 6 / ( 2 * l c ) )
I F  a * 1 E - 6 > lc  THEN f e = ( ( a * 1 E - 6 - ( 0 . 5 * l c ) ) / ( a * 1 E - 6 ) )
P R IN T  a , f e  
f e t o t = f e t o t + { f e * v o l ) 
t o t = t o t + v o l  
NEXT a  
a v = f e t o t / t o t  
RETURN
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7 .  FRACTURE MECHANICS TESTIN G
The s e r ie s  o f  f r a c t u r e  m e c h a n ic s  t e s t s  c a r r i e d  o u t  d u r in g  
th e  c o u rs e  o f  t h i s  p r o j e c t  f o l lo w e d  a n a t u r a l  p r o g r e s s io n  o f  
t e s t i n g  te c h n iq u e s  and m e th o d s . I n  th e  f o l l o w i n g  c h a p t e r  th e  
r e s u l t s  o f  th e s e  t e s t s  w i l l  be d is c u s s e d  t o  e x p la in  th e  re a s o n s  
f o r  s e l e c t i n g  p a r t i c u l a r  t e s t s  and  th e  d is c r e p a n c ie s  i n  th e  
r e s u l t s  w h ic h  w e re  a t t a i n e d .  The d e v e lo p m e n t o f  f r a c t u r e  
m e c h a n ic s  t e s t i n g  i n  p o ly m e r  and c o m p o s ite  s y s te m s  i s  an  on g o in g  
c o n c e rn  -  some o f  th e  te c h n iq u e s  d is c u s s e d  l a t e r  i n  t h i s  c h a p t e r  
f o l l o w  th e  m o st r e c e n t  p r o t o c o l s .
A num ber o f  d i f f e r e n t  t e s t s  w e re  e m p lo ye d  t o  i n v e s t i g a t e  th e  
f r a c t u r e  to u g h n e s s  o f  th e  c o m p o s ite  g ra d e s  o v e r  a  ra n g e  o f  s t r a i n  
r a t e s .  Im p a c t  t e s t s ,  su ch  as th e  C h a rp y  and in s t r u m e n t e d  f a l l i n g  
w e ig h t  im p a c t  t e s t s ,  w e re  c a r r i e d  o u t  t o  i n v e s t i g a t e  th e  
r e s is t a n c e  t o  f r a c t u r e  a t  h ig h  s t r a i n  r a t e s .  C om pact t e n s io n  and  
t h r e e  p o in t  bend  s p e c im e n s  w e re  s t r a in e d  a t  s lo w e r  r a t e s  t o  
in d u c e  c o n t r o l l e d  c r a c k  g ro w th  and  th u s  p r o v id e  f r a c t u r e  
to u g h n e s s  d a t a .  The  v i s c o - e l a s t i c  n a t u r e  o f  th e  m a t r i x  l i m i t s  
th e  a p p l i c a b i l i t y  o f  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n ic s  t o  th e s e  
c o m p o s ite s  and h e n c e  e l a s t i c - p l a s t i c  f r a c t u r e  m e c h a n ic s  w e re  
e m p lo ye d  t o  a n a ly s e  th e m .
F r a c t u r e  s u r f a c e  m o rp h o lo g y  was s t u d ie d  t o  g a in  an  
u n d e r s ta n d in g  o f  th e  to u g h e n in g  m echan ism s w h ic h  o p e r a t e  a t  th e  
d i f f e r e n t  s t r a i n  r a t e s  and  i n  d i f f e r e n t  c o m p o s ite  g r a d e s .
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7 . 1 .  IMPACT TESTIN G
I n  th e  C h a rp y  t e s t ,  th e  n o tc h e d  t h r e e  p o in t  b en d  s p e c im e n  
i s  s t r u c k  by  a s w in g in g  p en d u lu m  a t  th e  b o tto m  o f  i t s  a r c .  The  
im p a c t  e n e rg y  i s  o b t a in e d  fro m  t h e  lo s s  i n  k i n e t i c  e n e rg y  ( s p e e d )  
o f  th e  ham m er. The a d v a n ta g e  o f  t h i s  te c h n iq u e  i s  t h a t  i t  i s  
s im p le  and  q u ic k .  The  t e s t  g iv e s  good q u a l i t a t i v e  c o m p a ris o n s  
b e tw e e n  g ra d e s  a t  im p a c t  s p e e d s . F u r th e r m o r e ,  th e  r e s u l t s  o f  
t h i s  t e s t  f a c i l i t a t e d  th e  s e l e c t i o n  o f  s u i t a b l e  g ra d e s  f o r  th e  
m ore s o p h is t ic a t e d  e l a s t i c - p l a s t i c  f r a c t u r e  t e s t i n g  ( s e c t io n  7 . 2 )  
and th e  in s t r u m e n te d  f a l l i n g  w e ig h t  im p a c t  t e s t  ( s e c t io n  7 . 3 ) .
T e s t in g  was p e r fo rm e d  u s in g  t h e  m in ia t u r e  a p p a r a tu s  
d e v e lo p e d  a t  th e  U n i v e r s i t y  o f  S u r r e y .  Two s p e c im e n  g e o m e try  
t e s t  p ie c e s  w e re  i n v e s t i g a t e d :  t h e  d i f f e r e n c e s  b e tw e e n  th e
s p e c im e n  g e o m e tr ie s  b e in g  t h e  th ic k n e s s  (3  and  10mm) and  
c o n s e q u e n t ly  t h e  f i b r e  o r i e n t a t i o n  d i s t r i b u t i o n .  T h e  3mm t h i c k  
C h a rp y  t e s t  p ie c e s  w e re  i n j e c t i o n  m o u ld ed  w i t h o u t  a  n o tc h .  
N o tc h in g  was c a r r i e d  o u t  a c c o r d in g  t o  ASTM D 2 5 6 - 7 Q  u s in g  a 
r o t a t i n g  C h a rp y  n o tc h  c u t t e r  t o  g iv e  a n o tc h  d e p th  o f  2 .5mm.  As 
th e  n o tc h  was n o t  m o u ld e d , t h e r e  was no f lo w  o f  f i b r e s  a ro u n d  th e  
n o tc h  t i p  and  th u s  c r a c k  p r o p a g a t io n  was p e r p e n d ic u la r  t o  th e  
m e lt  f i l l  d i r e c t i o n  and  p re d o m in a n t  f i b r e  o r i e n t a t i o n  i n  th e  
s k in .  T h e  l a r g e r  t e s t  p ie c e s  w e re  m a c h in e d  fro m  th e  10mm t h i c k  
p la q u e s . N o tc h in g  was p e r fo rm e d  i n  an  i d e n t i c a l  m an n er t o  t h a t  
o f  th e  3mm p la q u e s ,  w i t h  th e  c r a c k  r u n n in g  p e r p e n d ic u la r  t o  th e  
m e lt  f i l l  d i r e c t i o n .
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The c r i t i c a l  s t r a i n  e n e rg y  r e le a s e  r a t e  f o r  th e  3mm t h i c k  
s p e c im e n s  was o b t a in e d  u s in g  th e  p r o c e d u re  p ro p o s e d  by P l a t i  and  
W i l l i a m s 1 who d e r iv e d  th e  r e l a t i o n s h i p :
Gc = Im p a c t  E n e rg y  
b d 0
( 7 . 1  )
w h e re ;
Gc = c r i t i c a l  s t r a i n  e n e rg y  r e le a s e  r a t e  
b = s p e c im e n  b r e a d t h
d = s p e c im e n  t h ic k n e s s  b e f o r e  n o tc h in g  
0  = a g e o m e t r ic a l  f a c t o r .
A s e r i e s  o f  s h a r p ly  n o tc h e d  s p e c im e n s  w i t h  v a r io u s  r a t i o s
o f  n o tc h  d e p th  t o  th ic k n e s s  w e re  t e s t e d  i n  th e  m in ia t u r e  im p a c t  
m a c h in e , and  th e  im p a c t  e n e rg y  p l o t t e d  a g a in s t  b d 0 .  The s lo p e  
o f  th e  s t r a i g h t  l i n e  f i t t e d  t o  th e  d a t a  g iv e s  Gc .
T h is  p r o c e d u re  was u s ed  t o  f i n d  th e  0  f a c t o r  f o r  a  s ta n d a r d  
n o tc h  d e p th .  S am p les  fro m  a l l  t h e  g ra d e s  w e re  p r e p a r e d  w i t h  t h i s  
n o tc h  d e p th  e n a b l in g  Gc  v a lu e s  t o  be  m e a s u re d . T h e  c r i t i c a l  
s t r e s s  i n t e n s i t y  f a c t o r  c an  be e s t im a t e d  u s in g :
and  h e n c e  th e  r a d iu s  o f  th e  p l a s t i c  zo n e  a h ea d  o f  th e  c r a c k  t i p ,  
r y , c a n  a ls o  be  e s t im a te d  w i t h  a k n o w le d g e  o f  th e  y i e l d  s t r e s s ,  
ay s  s in c e :
7
Kc = V ( E . G C) ( 7 . 2 )
r y = 1 _ .  (Kc / a y s ) 2 ( 7 . 3 )
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The 10mm t h i c k  s p e c im e n s  w e re  t e s t e d  m ore s im p ly  t o
p r o v id e  a q u a l i t a t i v e  c o m p a r is o n  o f  th e  r e l a t i v e  e n e r g ie s  
a b s o rb e d  a t  d i f f e r e n t  s t r a i n  r a t e s .  The P l a t i  and  W i l l ia m s  
a p p ro a c h  was n o t  a p p l ie d  t o  th e s e  s p e c im e n s .
7 . 2 .  E LA S TIC  P LA S TIC  FRACTURE MECHANICS TE S TIN G
The r e s u l t s  o f  th e  C h a rp y  t e s t  p rogram m e a r e  l i s t e d  i n  T a b le  
7 .1  and d is c u s s e d  i n  s e c t io n  7 . 5 . 1 .  A lth o u g h  i t  i s  n o t  
a p p r o p r ia t e  t o  d is c u s s  i n  g r e a t  d e t a i l  h e r e  th e  r e s u l t s  o f  th e  
C h a rp y  t e s t  p ro g ram m e, i t  r e v e a le d  t h a t  l i n e a r  e l a s t i c  f r a c t u r e  
m e c h a n ic s  w o u ld  n o t  be  v a l i d  u n d e r  s ta n d a r d  c o n d i t io n s  f o r  m ost 
o f  th e  m a t e r i a l  g r a d e s .  The  r e s u l t a n t  p l a s t i c  zo n e  s i z e  a t  th e  
c r a c k  t i p  w o u ld  be a  g r e a t e r  p r o p o r t io n  o f  th e  t h ic k n e s s  th a n  i s  
a l lo w a b le  f o r  v a l i d i t y  o f  th e  t e s t .  As a g e n e r a l  r u l e ,  LEFM 
t e s t s  a r e  o n ly  v a l i d  i f  th e  m inim um  d im e n s io n  o f  th e  t e s t  
s p e c im e n , B ,  i s  g r e a t e r  th a n  th e  p l a s t i c  zo n e  r a d iu s  by  a f a c t o r  
o f  2 . 5 :
B> 2 . 5 ( - ^ ) 2 ( 7 . 4 )
a y
E l a s t i c / p l a s t i c  f r a c t u r e  m e c h a n ic s  was t h e r e f o r e  e m p lo y e d  t o  
q u a n t i f y  th e  e n e rg y  a b s o r b in g  p ro c e s s e s  o c c u r r in g  a t  o r  a ro u n d  
t h e  c r a c k  t i p .  The  d a ta  fro m  th e  C h a rp y  t e s t s  s u g g e s t t h a t  e v e n  
f o r  J  i n t e g r a l  e v a lu a t io n  th e  s p e c im e n  th ic k n e s s  (3mm) w o u ld  be  
to o  s m a l l  r e l a t i v e  t o  th e  p l a s t i c  zo n e  s i z e  and  i t  w o u ld  
t h e r e f o r e  f a i l  u n d e r  c o n d i t io n s  o f  p r e d o m o n in a n t ly p la n e  s t r e s s .  
K c  i s  r e l a t e d  t o  J c  th r o u g h :
1 8 2
K c =ffEG Tc ( 7 . 5 )
The s i z e  c r i t e r i o n  f o r  J c  t e s t i n g  i s :
£> 2 5 ~ £  ( 7 . 6 )
°y
The C h a rp y  t e s t ,  h o w e v e r , i s  n o t  a p r e c is e  f r a c t u r e  to u g h n e s s  
t e s t .  The p o in t  o f  th e  t e n s i l e  y i e l d  i s  n o t  p r e c is e  i n  a  
p o ly m e r , r e s u l t i n g  i n  an  a s s o c ia t e d  u n c e r t a i n t y  i n  t h e  c a l c u l a t e d  
p l a s t i c  zo n e  s i z e .  I t  was t h e r e f o r e  d e c id e d  t o  p e r fo r m  a l i m i t e d  
num ber o f  J  i n t e g r a l  e v a lu a t io n  t e s t s  on m a t e r i a l  g ra d e s  b e l ie v e d  
t o  g iv e  c o n d i t io n s  c lo s e s t  t o  p la n e  s t r a i n  a t  f r a c t u r e ,  i . e .  th e  
s t r o n g e r  and  m ore b r i t t l e  m a t e r i a l s .  M a t e r i a l  fro m  b a tc h e s  A H 1 F  
and A H 1 I  w e re  s e le c t e d  f o r  th e  s e r ie s  o f  t e s t s .
T h is  i n i t i a l  t e s t i n g  program m e on th e  3mm p la q u e  m a t e r i a l  
g a v e  p r o m is in g  r e s u l t s  and  le d  t o  th e  p r o d u c t io n  o f  th e  1 0mm 
p la q u e s  p u r e ly  f o r  f u r t h e r  f r a c t u r e  m e c h a n ic s  w o rk .
7 . 2 . 1 .  J  I n t e g r a l  E v a lu a t io n  u s in g  3mm P lacru e
A r i g  was p ro d u c e d  t o  e n s u re  t h a t  th e  g e o m e tr ie s  m a c h in e d  
fro m  t h e  c o a t  h a n g e r  g a te d  p la q u e s  w e re  k e p t  c o n s t a n t .  The t e s t  
s p e c im e n  g e o m e try  was b a s e d  upon t h e  r e v is e d  c o m p ac t t e n s io n  (CT)  
s p e c im e n  d e v is e d  o r i g i n a l l y  by Lhymn and  S c h u l t z 2 .
B = 3mm 
a = 8 . 0mm
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The d im e n s io n s  w e re  s m a l le r  th a n  th o s e  s p e c i f i e d  by ASTM E 3 9 9 - 7 4  
( f o r  m e t a ls )  i n  o r d e r  t o  e l i m i n a t e  th e  i n s t a b i l i t y  r e l a t e d  mode 
I I I  s h e a r  f r a c t u r e .  A l l  s p e c im e n s  w e re  c u t  fro m  t h e  3mm t h i c k  
p la q u e s  w i t h  th e  m e lt  f lo w  d i r e c t i o n  p e r p e n d ic u la r  t o  t h e  c e n t r a l  
m a c h in e d  n o tc h ,  f i g u r e  7 . 1 .  The n o tc h  was s h a rp e n e d  by r u n n in g  
a s c a l p e l  th r o u g h  i t s  a p e x .
S p ec im en s  w e re  t e s t e d  a t  a c ro s s  h e ad  s p ee d  o f  0 .5 m m /m in  and  
ta k e n  t o  d i f f e r e n t  lo a d s ,  s u f f i c i e n t l y  h ig h  t o  c a u s e  l i m i t e d  
am ounts  o f  s t a b le  c r a c k  g r o w th ,  d e p e n d a n t on th e  maximum lo a d .  
The e n e rg y  a b s o rb e d  by  th e  s p e c im e n , £7t , was e v a lu a t e d  by  
i n t e g r a t i n g  th e  a r e a  b e lo w  th e  lo a d  d is p la c e m e n t  c u r v e ,  f i g u r e
7 . 2 .  The  v i c i n i t y  o f  th e  c r a c k  was im m ersed  i n  d y e  p e n e t r a n t ;  
th e  d y e  b e in g  d raw n  i n t o  th e  c r a c k  by  c a p i l l a r y  a c t i o n .  The  
s p e c im e n s  w e re  th e n  b ro k e n  op en  t o  r e v e a l  a d y e d  r e g io n  
r e p r e s e n t in g  th e  f r a c t u r e  s u r f a c e  c r e a t e d  d u r in g  th e  i n i t i a l  
lo a d in g .  The a v e ra g e  c r a c k  le n g t h  in c r e m e n t ,  b ,  was ta k e n  as th e  
a v e ra g e  o f  n in e  su ch  r e a d in g s  a c ro s s  th e  c r a c k  s u r f a c e  ( s e e  
f i g u r e s  7 .3  and  7 . 5 ) .
T he  J  i n t e g r a l  i s  fo u n d  fro m  a m ethod  b a s e d  on an  
a p p r o x im a te  f o r m u la t io n  d e v e lo p e d  by  R ic e  e t  a l 3 :
W = 17.5mm
w h e re  a i s  th e  i n i t i a l  c r a c k  le n g t h ,  and W i s  th e  d is t a n c e  
b e tw e e n  th e  c e n t r e  o f  th e  lo a d in g s  p in s  and  th e  f a r  u n c ra c k e d  
f a c e  o f  th e  c o m p ac t t e n s io n  s p e c im e n .
F r a c t u r e  r e s i s t a n c e ,  J ,  i s  p l o t t e d  a g a in s t  c r a c k  g ro w th  ( d a )  and  
a  t h e o r e t i c a l  b lu n t in g  l i n e  a d d e d :
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The i n t e r s e c t i o n  o f  th e  tw o  l i n e s  g iv e s ,  J c , t h e  c r i t i c a l  J  
i n t e g r a l .
7 . 2 . 2 .  J  I n t e g r a l  E v a lu a t io n  1 Omm T h ic k  M a t e r i a l
J  I n t e g r a l  e v a lu a t io n  t e s t s  w e re  a ls o  p e r fo rm e d  upon  
s p e c im e n s  c u t  fro m  10mm t h i c k  p la q u e  m a t e r i a l .  S p ec im en s  
m a c h in e d  fro m  t h i s  t h i c k e r  p la q u e  m a t e r i a l  m ore e a s i l y  m et 
t h ic k n e s s  v a l i d a t i o n  c r i t e r i a  ( e q u a t io n  7 . 6 )  and  p ro d u c e d  
f r a c t u r e  c o n d i t io n s  o f  p r e d o m in a n t ly  p l a i n  s t r a i n .
D u r in g  t h e  c o u rs e  o f  t h i s  s tu d y  th e  s ta n d a r d s  f o r  J  i n t e g r a l  
t e s t i n g  p r o c e d u re s  h a v e  b e en  c h a n g e d . T h is  i s  p r i m a r i l y  due t o  
th e  in f l u e n c e  o f  th e  E u ro p e a n  G roup  on F r a c t u r e  (EG F) p r o t o c o ls  
f o r  e v a lu a t in g  J c  o f  p o ly m e r ic  m a t e r i a l s .  The p r o t o c o ls  w e re  
d e v e lo p e d  t o  s t a n d a r d is e  a c c u r a t e  r e p r o d u c ib le  p ro c e d u re s  f o r  th e  
J c  e x t r a p o l a t i o n  and  th e  m e as u re m en t o f  th e  c r a c k  a d v a n c e . T h re e  
d i f f e r e n t  t e s t i n g  p ro c e d u re s  h a v e  b e e n  a p p l ie d  t o  th e  10mm t h i c k  
m a t e r i a l .
T h e  f i r s t  p r o c e d u re  ( s e c t io n  7 . 2 . 3 a )  u s e s  a  te c h n iq u e  
d e v e lo p e d  f o r  d u c t i l e  m e ta ls  b u t  w i t h  th e  CT s p e c im e n  g e o m e try  
a l t e r e d  t o  re d u c e  mode I I I  f a i l u r e  as d e s c r ib e d  i n  th e  p r e v io u s  
s e c t io n  f o r  th e  3mm t h i c k  m a t e r i a l .  The s ec o n d  te c h n iq u e  
( s e c t io n  7 . 2 . 3 b )  f o l lo w s  an  e a r l y  EGF p r o t o c o l 4 . The  CT 
s p e c im e n s  a r e  s i g n i f i c a n t l y  s m a l le r  i n  s i z e  th a n  i n  t h e  p r e v io u s  
t e c h n iq u e ,  b u t  th e  a n a l y t i c a l  b lu n t i n g  l i n e  e x t r a p o l a t i o n  o f  J c  
i s  b a s i c a l l y  th e  sam e. The  f i n a l  m eth o d  ( s e c t io n  7 . 2 . 3 c )  f o l lo w s
J  = 2oy d a  ( 7 . 8 )
185
a l a t e r  EGF p r o t o c o l 5 , t h i s  t im e  u t i l i s i n g  S in g le  Edge N o tc h e d  
Bend ( SENB) t e s t  s p e c im e n s . The  c r a c k  a d v a n c e  i s  m e a s u re d  u s in g  
a n o v e l  s p e c im e n  s e c t io n in g  t e c h n iq u e .  The  b lu n t i n g  l i n e  
a n a ly s is  i s  d is r e g a r d e d  and  a p o w e r la w  f i t  i s  a p p l ie d  t o  th e  
d a t a .  J c  i s  ta k e n  d i r e c t l y  fro m  th e  f i t .  The  t h r e e  v a r i a t i o n s  
o f  th e  t e s t  p r o c e d u re  a r e  d e s c r ib e d  b e lo w :
7 . 2 . 3 a .  J c T e s t  I
An i d e n t i c a l  p r o c e d u re  t o  t h a t  d is c u s s e d  i n  s e c t io n  7 . 2 . 1 .  
b u t  u t i l i s i n g  m a t e r i a l  fro m  th e  10mm p la q u e s .
S p ec im en  d im e n s io n s  b a s e d  on th e  CT s p e c im e n , f i g u r e  7 . 1 ,  w e re :
B = 1 0 . 5mm 
a = 1 0 . 5mm 
W = 27mm
7 . 2 . 3 b  Jc T e s t  I I
T h e  'E u ro p e a n  G roup  on F r a c t u r e  P r o t o c o l  (J a n  1 9 9 0 ) '  u s e s  
a s i m i l a r  te c h n iq u e  t o  t h a t  d e s c r ib e d  i n  s e c t io n  7 . 2 .  1 a b o v e . The  
m a in  d i s s i m i l a r i t y  i s  a g a in  i n  th e  s p e c im e n  s i z e .  T h e  r e v is e d  
co m p ac t t e n s io n  s p e c im e n  d im e n s io n s  w e re :
B = 1 0 . 5mm
a  = 1 0 . 5mm
W = 21mm
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b e lo w :
1 . C om pact t e n s io n  s p e c im e n s  a r e  c u t  t o  th e  a b o ve  d im e n s io n s  
fro m  t h e  10mm t h i c k  p la q u e s .  T h e  m e lt  f lo w  d i r e c t i o n  i s  
p e r p e n d ic u la r  t o  t h e  n o tc h ;
2 .  CT s p e c im e n s  a r e  a n n e a le d  a t  130°C  f o r  2 h o u r s ;
3 .  CT n o tc h e s  a r e  s h a rp e n e d  by  r u n n in g  a  s c a l p e l  b la d e  down 
t h e i r  le n g t h ;
4 .  CT s p e c im e n s  a r e  lo a d e d  t o  d i f f e r e n t  s t r a i n s .  L o ad  i s  
m e as u re d  by th e  t e s t i n g  m a c h in e . C ra c k  o p e n in g  d is p la c e m e n t  
i s  m e a s u re d  by  an  e x te n s o m e te r  a t  th e  CT lo a d in g  p in s ;
5 .  T h e  c o r r e c t i o n  f o r  e x t r a n e o u s  d is p la c e m e n t  e t c ,  i s  
c a l c u l a t e d  f o r  th e  d i f f e r e n t  g ra d e s  by c a l i b r a t i o n  w i t h  
u n n o tc h e d  CT s p e c im e n s ;
6 .  T h e  a b o ve  c o r r e c t i o n  i s  a p p l ie d  t o  th e  lo a d  d is p la c e m e n t  
c u r v e s .  The  r e s u l t a n t  a r e a  o f  th e  c u rv e s  i s  c a l c u l a t e d .  
T h is  a r e a  i s  r e l a t e d  t o  t h e  w o rk  d o n e , U,  f i g u r e  7 . 2 ;
7 .  The  f i b r e  r e in f o r c e d  s p e c im e n s  a r e  s u b je c t e d  t o  a dye  
p e n e t r a n t  and  b ro k e n  o p e n , f i g u r e  7 . 3 ;
8 .  T h e  u n r e in f o r c e d  CT s p e c im e n s  a r e  c o o le d  i n  l i q u i d  n i t r o g e n  
and im m e d ia te ly  b ro k e n  o p e n , f i g u r e  7 . 4 ;
9 .  P h o to g ra p h s  a r e  ta k e n  o f  th e  f r a c t u r e  s u r f a c e ;
1 0 .  From  th e  p h o to g ra p h s  th e  a v e ra g e  o f  n in e  m e a s u re m e n ts  g iv e s
t h e  a v e ra g e  c r a c k  g ro w th  d is t a n c e ,  f i g u r e  7 . 5 ;
1 1 .  The  f r a c t u r e  r e s is t a n c e  n o t  a l lo w in g  f o r  c r a c k  g r o w th ,  J Qt
i s  g iv e n  b y :
A b r i e f  o u t l i n e  o f  t h e  p r o t o c o l  t e s t i n g  p r o c e d u r e  i s  g i v e n
J 0 = n o  /  BN(W -a0 ) ( 7 . 9 )
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n = 2 + 0 . 5 2 2  ( 1 - a 0 / w )  f o r  c o m p ac t s p e c im e n s  
a 0 =» i n i t i a l  c r a c k  le n g t h  
U = a r e a  u n d e r  lo a d  v e rs u s  lo a d - p o i n t  d is p la c e m e n t  
r e c o r d  
Bn = s p e c im e n  t h ic k n e s s ;
1 2 . The  a b o ve  e q u a t io n  do es  n o t  a l lo w  f o r  c r a c k  g ro w th  d u r in g  
a t e s t .  A l lo w in g  f o r  c r a c k  g ro w th :
J  = J Q {1 - ( 0 . 7 5 n - 1 ) d a / ( W - a 0 ) } ( 7 . 1 0 )
w h e re  , d a ,  i s  th e  c r a c k  g ro w th ;
1 3 . F r a c t u r e  R e s is t a n c e ,  J ,  i s  p l o t t e d  a g a in s t  C ra c k  G ro w th ;
1 4 . B lu n t in g  l i n e  i s  a d d e d :
J  = 2 a y da  ( 7 . 1 1  )
w h e re  oy  i s  th e  y i e l d  s t r e n g t h ;
1 5 . E x c lu s io n  l i n e s  a r e  c o n s t r u c t e d  b e tw e e n  w h ic h  t h e  d a ta  a r e
v a l i d .  The f i r s t  o f  w h ic h  i s  a 0.1mm o f f s e t  p a r a l l e l  t o
th e  b lu n t i n g  l i n e ;
1 6 . The maximum e x c lu s io n  c r i t e r i o n  i s  s e t  by d a m ax.
^ m a x  = 8 * 7 ( 7 . 1 2 )
b 0 = W -aQ ( 7 . 1 3 )
An e x c lu s io n  l i n e  p a r a l l e l  t o  th e  b lu n t in g  l i n e  i s  d raw n  
th r o u g h  d a max;
1 7 . A l i n e a r  r e g r e s s io n  i s  f i t t e d  th ro u g h  th e  p o in t s  w i t h i n  th e  
e x c lu s io n  l i n e s ;
w h e r e ;
1 8 * J 0 .2 /B L
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A p a r a l l e l  l i n e  o f f s e t  t o  th e  b lu n t i n g  l i n e  a t  0 .2mm c r a c k  
g ro w th  i s  d ra w n . The  i n t e r s e c t i o n  o f  t h e  r e g r e s s io n  l i n e  
w i t h  th e  o f f s e t  l i n e  d e f in e s  J q . 2 / bL ' f i g u r e  7 . 6 .
7 . 2 . 3 c  J c T e s t  I I I
T he  ' E . G . F  T e s t in g  P r o t o c o l  f o r  C o n d u c tin g  J - R  C u rv e  T e s ts  
on P l a s t i c s  (F e b  1 9 9 0 ) '  u s e d  a new te c h n iq u e  f o r  m e a s u r in g  th e  
c r a c k  a d v a n c e , d a ,  i n  t h e  m a t e r i a l ,  and i n  th e  m an n er i n  w h ic h  
th e  d a t a  i s  e x t r a p o l a t e d  t o  g iv e  J c .
S in g le  Edge N o tc h e d  B e n d in g  (SENB) s p e c im e n s  w e re  u s e d  in  
t h i s  s e r i e s  o f  t e s t s  as  th e y  a r e  e a s i e r  t o  m a c h in e  a c c u r a t e ly ,  
f i g u r e  7 . 7 .  D im e n s io n s  w e re :
B = 1 0 . 5mm 
a  = 1 0 . 5mm 
W = 21mm
S p ec im e n s  w e re  p ro d u c e d  fro m  g ra d e s  A H 2 A ,  2 B ,  2 C  and 2 D .  
S p ec im en s  fro m  g ra d e s  A H 2 C  and A H 2D  w e re  c u t  fro m  b o th  p a r a l l e l  
( 2 C 0 & 2 D 0 ) , and  p e r p e n d ic u la r  ( 2 C g 0 & 2 D 9 0 ) t o  th e  m e lt  f i l l  
d i r e c t i o n  so i n  a l l  t h e r e  w e re  s i x  b a tc h e s  o f  s p e c im e n s . A b r i e f  
d e s c r i p t i o n  o f  th e  t e s t i n g  p r o c e d u re  i s  g iv e n  b e lo w :
1 . SENB s p e c im e n s  w e re  c u t  t o  th e  a b o ve  d im e n s io n s  fro m  th e  
10mm t h i c k  p la q u e s .  Non f i b r e  f i l l e d  g ra d e s  w e re  s id e  
n o tc h e d  t o  a d e p th  o f  0 . 7mm t o  e n c o u ra g e  a p la n a r  f r a c t u r e  
f r o n t ;
2 .  The  as  m a c h in e d  SENB n o tc h e s  w e re  s h a rp e n e d  by  t a p p in g  a 
f r e s h  s c a l p e l  b la d e  i n t o  e a c h  s p e c im e n  n o tc h  w i t h  a ham m er. 
T h is  p ro d u c e s  a n o tc h  t i p  r a d iu s  o f  le s s  th a n  20pm;
1 8 9
3 .  SENB s p e c im e n s  w e re  lo a d e d  in  t h r e e  p o in t  b e n d in g  t o  
d i f f e r e n t  s t r a i n s .  L o ad  and  d is p la c e m e n t  w e re  m e as u re d  by  
th e  t e s t i n g  m a c h in e ;
4 . The  c o r r e c t i o n  f o r  e x t r a n e o u s  d is p la c e m e n t  e t c ,  was 
c a l c u l a t e d  f o r  th e  d i f f e r e n t  g ra d e s  by  t e s t i n g  an  u n n o tc h e d  
SENB s p e c im e n ;
5 .  T h e  a b o ve  c o r r e c t i o n  was a p p l ie d  t o  th e  lo a d  d is p la c e m e n t  
c u r v e s .  The  r e s u l t a n t  a r e a s  o f  th e  c u rv e s  w e re  c a l c u l a t e d .  
T h e s e  a r e a s  w e re  r e l a t e d  t o  th e  w o rk  done U ;
6 .  The  s p e c im e n s  w e re  c u t  i n  h a l f  p e r p e n d ic u la r  t o  th e  n o tc h
a lo n g  t h e i r  l e n g t h .  The  v i c i n i t y  o f  th e  c r a c k  was g ro u n d
t o  500  g r i t  f i n i s h .  T h is  a r e a  was c o a te d  w i t h  a  t h i n  c o a t
o f  s i l v e r  p a i n t .  T h is  h e lp e d  t o  d i s t i n g u i s h  b e tw e e n  th e  
a c t u a l  c r a c k  and  th e  p l a s t i c  zo n e  as  t h i s  c a n  be v e r y  
d i f f i c u l t  t o  o b s e rv e  i n  t r a n s lu c e n t  m a t e r i a l s ;
7 .  The  s p e c im e n s  w e re  p la c e d  i n  a han d  o p e r a t e d  t h r e e  p o in t  
b en d  r i g  b e lo w  a v id e o  m ic ro s c o p e . The lo a d  on th e  t e s t  
p ie c e  was th e n  in c r e a s e d  t o  op en  th e  c r a c k .  The  c r a c k  
l e n g t h  was m e a s u re d .
8 - J Q = nO /  BN(W -a 0 ) ( 7 . 9 )
w h e re ;
J Q = f r a c t u r e  r e s is t a n c e  n o t  a l lo w in g  f o r  c r a c k  
g ro w th
n = 2 f o r  SENB s p e c im e n s
U = a r e a  u n d e r  lo a d  v e rs u s  l o a d - p o i n t  d is p la c e m e n t
r e c o r d  
Bn = s p e c im e n  th ic k n e s s  
a Q = i n i t i a l  c r a c k  le n g t h
1 9 0
W = s p e c im e n  w i d t h ;
9 . The  a b o ve  e q u a t io n  does  n o t  a l lo w  f o r  c r a c k  g ro w th  d u r in g
a t e s t .  A l lo w in g  f o r  c r a c k  g ro w th :
J  = J Q { 1 - ( 0 . 7 5 n - 1 ) d a / ( W - a Q) } ( 7 . 1 0 )
w h e re  , d a ,  i s  th e  c r a c k  g ro w th ;
1 0 . F r a c t u r e  R e s is ta n c e  was p l o t t e d  a g a in s t  C ra c k  G ro w th ;
1 1 . A p o w e r la w  f i t  was a p p l ie d  t o  a l l  th o s e  p o in t s  w hose
c r a c k  e x t e n s io n  l i e  b e tw e e n  0.1mm,  and d a max w h e re :
d amax = 0 . 1 5 ( W - a Q) ( 7 . 1 2 )
and  ( W -a Q) i s  th e  o r i g i n a l  u n c ra c k e d  l ig a m e n t .
0.1mm i s  u s ed  as  a lo w e r  l i m i t  as  s m a l l  am o u n ts  o f  
c r a c k  g ro w th  a r e  d i f f i c u l t  t o  m e as u re  and h e n c e  a r e  
s u b je c t  t o  e r r o r ;
1 2 - J 0 .2
A v e r t i c a l  l i n e  a t  0.2mm c r a c k  g ro w th  was d ra w n . The
i n t e r s e c t i o n  o f  th e  p o w e r la w  l i n e  w i t h  th e  o f f s e t  l i n e
d e f in e s  J q^ i f i g u r e  7 . 8 .
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7 . 3 .  LINEAR ELASTIC FRACTURE MECHANICS TESTING
V a l i d a t i o n  c r i t e r i a  ( e q u a t io n  7 . 4 )  s u g g e s te d  t h a t  l i n e a r  
e l a s t i c  f r a c t u r e  m e c h a n ic s  t e s t i n g  on s p ec im en s  m a c h in e d  fro m  th e  
1 Omm t h i c k  p la q u e s  w o u ld  be v a l i d  a t  h ig h  s t r a i n  r a t e s  due  t o  th e  
in c r e a s e d  y i e l d  s t r e n g t h  and  a ls o  p o s s ib ly  a t  lo w e r  s t r a i n  r a t e s .  
Two t e s t i n g  p ro c e d u re s  w e re  a p p l ie d  t o  th e  10mm t h i c k  s p e c im e n s .
T he  in s t r u m e n t e d  f a l l i n g  w e ig h t  im p a c t  t e s t  a c c u r a t e ly  
m e a s u re s  t h e  im p a c t  fo r c e s  and  d e f l e c t i o n s  s u s t a in e d  by  a n o tc h e d  
t h r e e  p o in t  ben d  s p e c im e n  when s t r u c k  b y  a f a l l i n g  w e ig h t  a t  h ig h  
s p e e d .
The  d y n a m ic  LEFM t e s t  m e a s u re s  th e  c r a c k  a d v a n c e  a t  th e  
s u r f a c e  o f  a CT s p e c im e n  u n d e r  t e n s i l e  lo a d  th r o u g h  a  f o i l  
a d h e re d  t o  i t s  s u r f a c e .  The  t e s t  was p e r fo rm e d  a t  c ro s s h e a d  
s p ee d s  o f  1m m /m in and  0 . 1 7 m / s .
7 . 3 . 1 .  In s t r u m e n t e d  F a l l i n g  W e ig h t Im p a c t  T e s t in g
T h is  m eth o d  o f  m e a s u r in g  f r a c t u r e  m e c h a n ic s  p a r a m e te r s  was 
p e r fo rm e d  on s in g le  ed g e  n o tc h e d  b en d  s p e c im e n s  fro m  a  l i m i t e d  
num ber o f  g r a d e s . SENB s p e c im e n s  fro m  g ra d e s  A H 2 A , 2 B , 2C  and  
2D  w e re  c u t  fro m  th e  10 m i l l i m e t r e  t h i c k  p la q u e s .  F o r  th e  f i b r e  
f i l l e d  g r a d e s ,  s p e c im e n s  w e re  c u t  b o th  p a r a l l e l  and  p e r p e n d ic u la r  
t o  t h e  m e l t  f i l l  d i r e c t i o n .  S p ec im en  g e o m e try , n o tc h in g  and  
c r a c k  s h a r p e n in g  w e re  i d e n t i c a l  t o  t h e  J  i n t e g r a l  s p e c im e n s  
r e p o r t e d  i n  s e c t io n  7 . 2 . 3 ( c ) .  T e s t in g  was p e r fo rm e d  i n  3 p o in t  
b e n d in g  a t  23°C  and  a t  a s t r a i n  r a t e  o f  1 m / s .  The  a v e ra g e  o f  
f i v e  s p e c im e n s  p e r  g ra d e  was t a k e n .  S i m i l a r  s p e c im e n s  w e re  c u t
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fro m  t h e  3 mm p la q u e  m a t e r i a l  f o r  g ra d e s  A H 1D , I F ,  2B  and  2 C .  
The f r a c t u r e  m e c h a n ic s  m e as u re m en ts  f o r  th e s e  s p e c im e n s  w e re  in  
SEN b e n d in g  a t  -6 5 ° C  and  a t  1 m /s  i n  e a c h  c a s e  r u n n in g  th e  c r a c k  
a c ro s s  th e  f lo w  d i r e c t i o n .
S p ec im en s  w e re  s u p p o r te d  o v e r  a sp an  o f  84mm b y  a p a i r  o f  
l a r g e  d ia m e te r  r o l l e r s  ( f i g u r e  7 . 9 ) .  A c e n t r a l  r o l l e r  was 
r e le a s e d  fro m  51cm a b o ve  th e  s p e c im e n  so t h a t  i t  im p a c te d  th e  
s p e c im e n  d i r e c t l y  a b o ve  th e  n o tc h ,  w i t h  a v e l o c i t y  o f  1 m / s .  The  
t e s t  was in s t r u m e n t e d  th r o u g h  th e  p i e z o e l e c t r i c  lo a d  c e l l  
s i t u a t e d  i n  th e  f a l l i n g  w e ig h t .  The  im p a c t f o r c e s  s u s t a in e d  by  
t h e  lo a d  c e l l  w e re  c o n v e r te d  w i t h  v e r y  s h o r t  d e la y  t im e s  i n t o  
e l e c t r i c a l  r e s p o n s e s ;  th e  e l e c t r i c a l  im p u ls e s  w e re  a m p l i f i e d  by  
a c h a rg e  a m p l i f i e r .  The  a m p l i f i e d  s ig n a l  was in p u t  t o  a s t o r a g e  
o s c i l lo s c o p e .  T h is  d e v ic e ,  w h ic h  r e t a i n s  th e  v o l t a g e  p u ls e s ,  can  
r e s o lv e  v e r y  s m a l l  v a r i a t i o n s  i n  v o l t a g e .  T h e s e  d a t a  w e re  th e n  
lo g g e d  t o  a c o m p u te r  w h e re  th e  f o r c e - t i m e  and  f o r c e - d e f l e c t i o n  
re s p o n s e s  c o u ld  be  a n a ly s e d .  S in c e  th e  im p a c t  e n e rg y  was f a r  in  
e x c e s s  o f  t h a t  r e q u i r e d  f o r  p e n e t r a t io n  o f  th e  s p e c im e n s , i t  may 
be assum ed t h a t  th e  f a l l i n g  w e ig h t  v e l o c i t y  was u n a l t e r e d  by th e  
im p a c t .  Thus th e  v o l t a g e  ( f o r c e ) / t i m e  t r a c e  may be  c o n v e r te d  t o  
f o r c e /d is p la c e m e n t .  The a r e a  b e lo w  th e  f o r c e  d e f l e c t i o n  re s p o n s e  
i s  th e n  i n t e g r a t e d  (b y  th e  c o m p u te r )  and th e  c r a c k  i n i t i a t i o n  
(K IC ) and  c r a c k  p r o p a g a t io n  (G r c ) f r a c t u r e  p a r a m e te r s  a r e  fo u n d  
f ro m :
( 7 . 1 4 )
a n d ;
Gic  = Uc /BW<j> ( 7 . 1 5 )
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w h e re  B  i s  th e  t h ic k n e s s ,  IV i s  th e  w id t h ,  <p' i s  a s h ap e  f a c t o r ,  
/  i s  a g e o m e t r ic a l  f a c t o r  d e p e n d e n t on th e  c r a c k  l e n g t h ,  a , and  
Uc  i s  t h e  e l a s t i c  e n e rg y  o f  t h e  s p e c im e n  a t  i t s  p e a k  lo a d ,  F c .
7 . 3 . 2 .  Kc and  Gc a t  D i f f e r e n t  S t r a i n  R a te s
T h e  t r e n d s  i n  th e  r e s u l t s  fro m  th e  f a s t  and  s lo w  f r a c t u r e  
m e c h a n ic s  t e s t i n g  s u g g e s te d  t h a t  d i f f e r e n t  to u g h e n in g  m echan ism s  
w e re  p r e d o m in a n t  a t  d i f f e r e n t  s t r a i n  r a t e s .  So f a r ,  no s in g le  
f r a c t u r e  m e c h a n ic s  m e a s u r in g  te c h n iq u e  had  b een  p e r fo rm e d  a t  a  
ra n g e  o f  s t r a i n  r a t e s ,  and  on i d e n t i c a l  m a t e r i a l  and  s p e c im e n  
g e o m e t r ie s .  L in e a r  e l a s t i c  f r a c t u r e  m e c h a n ic s  t e s t s  w e re , th u s ,  
c a r r i e d  o u t  on tw o  m a t e r i a l  g r a d e s ,  w i t h  i d e n t i c a l  s p e c im e n  
g e o m e t r ie s ,  a t  tw o  e x tre m e  s t r a i n  r a t e s .
T h e  b a s ic  t e s t i n g  p r o c e d u re  f o l lo w e d  t h a t  d e t a i l e d  b y  th e  
1 E u ro p e a n  G ro u p  on F r a c t u r e  -  A L in e a r  E l a s t i c  F r a c t u r e  M e c h a n ic s  
( LEFM ) S ta n d a r d  f o r  D e te r m in in g  Kc and  Gc f o r  P l a s t i c s  ( J u ly  
1 9 8 9 ) ' .  I n  t h i s  s e r i e s  o f  t e s t s  a C om pact T e n s io n  s p e c im e n ,  
f i g u r e  7 . 1 ,  was u s e d :
B = 1 0 . 2mm 
a = 1 3 . 4mm 
W = 55.4mm
T h is  i s  s i m i l a r  i n  sh ap e  b u t  l a r g e r  th a n  t h a t  u s e d  i n  th e  J  
i n t e g r a l  t e s t i n g .  The  s p e c im e n s  w e re  m a c h in e d  o u t  o f  th e  10mm 
t h i c k  p la q u e s  fro m  g ra d e s  AH2C and AH2D. The  n o tc h  o f  th e  
s p e c im e n  was s h a rp e n e d  w i t h  a  s c a lp e l  b la d e ,  and  l a y  p a r a l l e l  to  
t h e  m e lt  f i l l  d i r e c t i o n .  The  r e s u l t i n g  f r a c t u r e  p a th  f o l lo w s  th e  
p a th  o f  l e a s t  r e s is t a n c e  a c ro s s  th e  w id th  (W ) o f  th e  s p e c im e n .
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I f  t h e  s p e c im e n s  w e re  n o tc h e d  a t  r i g h t  a n g le s  t o  th e  MFD, th e  
f r a c t u r e  p a th  w o u ld  be h e a v i l y  in f lu e n c e d  by  th e  p re d o m in a n t  
f i b r e  o r i e n t a t i o n  and  w o u ld  te n d  t o  l i e  away fro m  th e  
p e r p e n d ic u la r  t o  t h e  lo a d in g  a x i s ,  f i g u r e  7 . 1 0 .
The  CT s p e c im e n  was s u p p o r te d  by  p in s  i n  an i n s t r o n  lo a d in g  
f ra m e  and  p la c e d  u n d e r  t e n s io n  i n  o r d e r  t o  p r o p a g a te  a  p r e ­
i n i t i a t e d  c r a c k  th r o u g h  th e  s p e c im e n . The lo a d  r e q u i r e d  t o  
p r o p a g a te  th e  c r a c k  was m e a s u re d , t o g e t h e r  w i t h  th e  d is p la c e m e n t  
o f  t h e  lo a d in g  p in s .  The  le n g t h  o f  t h e  c r a c k  was a ls o  m e as u re d  
u s in g  a m e ta l  f o i l  w h ic h  was b o nded  t o  th e  s u r f a c e  o f  th e  
s p e c im e n  u s in g  a  h ig h  s h e a r  s t r e n g t h  a d h e s iv e .  T h e  f o i l  was 
c o n n e c te d  t o  a b r id g e  ty p e  a m p l i f i e r ,  f i g u r e  7 . 1 1 .  As th e  c r a c k  
p r o p a g a te d  th r o u g h  th e  s p e c im e n  i t  a ls o  t o r e  th e  f o i l  w h ic h  was 
a d h e re d  t o  i t s  s u r f a c e .  As th e  f o i l  t o r e ,  i t s  e l e c t r i c a l  
r e s is t a n c e  in c r e a s e d .  The  c r a c k  m e as u re m en t was a c h ie v e d  b y  a  
T T I  F r a c to m a t  C ra c k  A m p l i f i e r .  T h is  a m p l i f i e r  c o n v e r ts  th e  
s ig n a l  fro m  a c r a c k  f o i l  g au g e  i n t o  a v o l t a g e .  A c c u r a te  
m e as u re m en ts  c an  be  a c h ie v e d  f o r  up t o  30mm o f  c r a c k  g r o w th .  
S p ec im en s  w e re  s t r a in e d  a t  r a t e s  o f  1mm/min and  10200m m /m in  
( 0 . 1 7 m / s ) .
T he s t r e s s  i n t e n s i t y  f a c t o r ,  K ,  a t  an y  s ta g e  o f  c r a c k  
g r o w th , c a n  be c a l c u l a t e d  fro m :
K = f , _ P a  ( 7 . 1 6 )
BVw
w h e r e :
P  i s  th e  lo a d  i n  N ew to n s  
B  i s  th e  s p e c im e n  th ic k n e s s  i n  m 
W i s  th e  s p e c im e n  w id th  i n  m
195
/  i s  a  g e o m e try  f u n c t io n  w h ic h  i s  c a l c u l a t e d  u s in g :
w h e r e :
f  = ( 2+g)  f 0 . 8 86 + 4  . 6 4 c t-1 3 . 3 2 a 2+1 4 . 7 2 a 3- 5  . 6 a 4 1 
( 1 - a )
a  = a /W ( 7 . 1 8 )
( 7 . 1 7 )
G c a n  a ls o  be  c a l c u l a t e d  a t  i n i t i a t i o n  and  p r o p a g a t io n  as  
i n d i c a t e d  b e lo w .
I n i t i a t i o n  -
F o r  c r a c k  i n i t i a t i o n  G c an  be  c a l c u l a t e d  u s in g :
w h e re  U  i s  th e  e n e rg y  u n d e r  t h e  f o r c e / d e f l e c t i o n  c u r v e  up t o  
c r a c k  i n i t i a t i o n ,  f i g u r e  7 . 1 2 ,  and  0 '  i s  a g e o m e try  f u n c t io n  
w h ic h  i s  c a l c u l a t e d  u s in g :
= ___________ (1 .9+19.1 g-2.5a2-23.2a3+20.5ori) (1 -a) _______ ________ (7.20)
(19.1-5.Oa-69.7az+82.16cr>) (1 -a)+2{1.9+19.1a-2.5az-23.2aJ+20. 5a4)
w h e re  a  = a /W  
P r o p a g a t io n  -
D u r in g  c r a c k  g ro w th  G c a n  be c a l c u l a t e d  u s in g  th e  e q u a t io n :
BAa
w h e re  A U  i s  t h e  c h an g e  i n  e n e rg y  u n d e r  th e  f o r c e / d e f l e c t i o n  c u rv e  
f o r  a  d i s c r e t e  c r a c k  l e n g t h ,  f i g u r e  7 . 1 2 ,
K  and  G c an  b e  p l o t t e d  a g a in s t  c r a c k  le n g t h  o r  c r a c k  s p e e d .
G a U ( 7 . 1 9 )
BWc{>
G = AU ( 7 . 2 1 )
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7 . 4 .  SCANNING ELECTRON MICROSCOPY
F r a c t u r e  s u r fa c e s  w e re  s t u d ie d  u s in g  s c a n n in g  e le c t r o n  
m ic ro s c o p y , r a t h e r  th a n  o p t i c a l  m ic ro s c o p y , b e c a u s e  o f  th e  
e x c e l l e n t  d e p t h - o f - f i e l d  a s s o c ia t e d  w i t h  th e  fo r m e r  te c h n iq u e .  
The te c h n iq u e  a ls o  r e q u i r e s  l i t t l e  s p e c im e n  p r e p a r a t i o n .  
F r a c t u r e d  s p e c im e n s  w e re  b o nded  t o  c o n d u c t iv e  a lu m in iu m  s tu d s .  
B e c au s e  o f  t h e  n o n -c o n d u c t in g  n a t u r e  o f  th e  m a t e r i a l s  u n d e r  
s tu d y ,  th e  s p e c im e n s  w e re  f i r s t  g o ld  s p u t t e r  c o a te d  f o r  t h r e e  
m in u te s .  A "D ag" c o n d u c t in g  p a i n t  was u s ed  as  a c o n t a c t  b e tw e e n  
t h e  s p u t t e r  c o a t  and t h e  a lu m in iu m  s tu d  w h ic h  s e a t  on th e  
m ic ro s c o p e  s t a g e ,  e n s u r in g  good e l e c t r i c a l  c o n t a c t .  The h ig h  
e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  s p u t t e r e d  s p e c im e n s  p ro m o te s  
r e f i n e d  im a g in g  i n  t h e  m ic ro s c o p e , and  e l e c t r i c a l  c h a r g in g  o f  th e  
s p e c im e n  i s  a v o id e d .
The  m ic ro s c o p e  u s e d  m o st f r e q u e n t l y  d u r in g  t h i s  w o rk  was a  
C a m b rid g e  In s t r u m e n t s  S100  S te r e o s c a n  M ic r o s c o p e , a t  an  
a c c e le r a t i n g  v o l t a g e  o f  2 0 k V .
F r a c t u r e  s p e c im e n s  w e re  e x a m in e d  i n  o r d e r  t o  e s t a b l i s h  
f r a c t u r e  m e ch a n is m s , s p e c i f i c a l l y  f i b r e / m a t r i x  i n t e r f a c i a l  
f a i l u r e  m echan ism s and  m a t r i x  f a i l u r e  m odes . F r a c t u r e  s u r fa c e s  
fro m  C h a rp y  im p a c t  t e s t s  ( 1 m / s ) ,  t e n s i l e  t e s t s  (5 0 m m /m in ), and  
J c  t e s t s  (1m m /m in ) w e re  a l l  p r e p a r e d  t o  i n v e s t i g a t e  th e  e f f e c t  
o f  th e  s t r a i n  r a t e  on th e  v a r io u s  f r a c t u r e  m o r p h o lo g ie s .  I n  a  
f u r t h e r  s e r i e s  o f  t e s t s ,  SENB s p e c im e n s  w e re  im p a c te d  a t  a r a t e  
o f  1 m / s ,  t o  i n i t i a t e  and p r o p a g a te  a f a s t  f r a c t u r e  i n  th e  
s p e c im e n . The c r a c k  was n o t  p e r m i t t e d  t o  p r o p a g a te  th r o u g h  th e  
f u l l  t h ic k n e s s  o f  th e  s p e c im e n . T h is  was a c h ie v e d  by  l i m i t i n g
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th e  e n e rg y  o f  th e  im p a c t in g  ham m er. The s p e c im e n s  w e re  th e n  
b ro k e n  o p en  a t  a  much s lo w e r  s t r a i n  r a t e  o f  0 .5 m m /m in . T h is  
p r o v id e d  a  m eans o f  o b s e r v in g  t h e  t r a n s i t i o n  b e tw e e n  f a s t  and  
s lo w  f r a c t u r e  m e ch a n is m s , as  w e l l  as  c o m p a rin g  th e  f r a c t u r e  
s u r f a c e s ,  u s in g  a s in g le  s p e c im e n .
7 . 5 .  FRACTURE MECHANICS RESULTS
7 . 5 . 1 .  C h a rp y  Im p a c t  T e s t in g
F ig u r e s  7 . 1 3  -  7 . 1 5  show th e  C h a rp y  im p a c t  r e s i s t a n c e  f o r  
th e  3mm t h i c k  s p e c im e n s  as a f u n c t io n  o f  m a t e r i a l  c o m p o s it io n  
( t a b l e  3 . 1 ) .
A d d i t io n  o f  g la s s  t o  a  c o m p o s ite  s y s te m  g e n e r a l l y  in c r e a s e s  
th e  e n e rg y  a b s o r p t io n  o f  th e  s y s te m . G la s s  f i b r e s  a c t  t o  h in d e r  
th e  c r a c k  g ro w th  b e c a u s e  th e  c r a c k  f r o n t  i s  fo r c e d  t o  t r a v e l  
a ro u n d  f i b r e s  th u s  in c r e a s in g  th e  e n e rg y  a b s o r p t io n .  G la s s  
f i b r e s  w i l l  a ls o  c o n t r i b u t e  t o  th e  o v e r a l l  f r a c t u r e  to u g h n e s s  
th r o u g h  f i b r e  p u l l - o u t  as  th e  f r a c t u r e  fa c e s  s e p a r a t e .  The  
e x c e p t io n  t o  th e  t r e n d  o f  in c r e a s in g  to u g h n e s s  w i t h  in c r e a s in g  
f i b r e  v o lu m e  f r a c t i o n  i s  i n  th e  r u b b e r  r e in f o r c e d  u n c o u p le d  
g r a d e s .  F o r  t h i s  s y s te m  th e  w e a k ly  bonded  f i b r e s  i n  a  re d u c e d  
m o d u lu s  m a t r i x  show a g e n e r a l  d e c r e a s e  i n  e n e rg y  a b s o r p t io n  w i t h  
in c r e a s in g  g la s s  c o n t e n t .  F ib r e s  i n  su ch  a  s y s te m  a c t  as  s t r e s s  
r a i s e r s  as  th e y  a r e  so p o o r ly  bon d ed  t o  t h e  m a t r i x ,  p ro m o tin g  
c r a c k  f o r m a t io n  w i t h i n  th e  m a t r i x .  An in c r e a s e  i n  g la s s  c o n te n t  
w i l l  r e d u c e  th e  a v e ra g e  d is t a n c e  b e tw e e n  c r a c k  i n i t i a t o r s  and  
p ro m o te  e a s i e r  c r a c k  p a th  f o r m a t io n .
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SEM p h o to m ic ro g ra p h s  show ed t h a t  th e  f i b r e s  o f  u n c o u p le d  
g ra d e s  when p u l l e d - o u t  fro m  th e  m a t r i x  w e re  p u l l e d  c le a n l y  fro m  
th e  m a t r i x ,  f i g u r e  7 . 1 6 .  T h is  p u l l - o u t  m o rp h o lo g y  i s  c l e a r l y  
d i f f e r e n t  t o  t h a t  e x h i b i t e d  by  th e  c o u p le d  g r a d e s ,  f i g u r e  7 . 1 7 .  
T he p u l l e d - o u t  f i b r e s  fro m  th e  c o u p le d  g ra d e s  e x h i b i t e d  a h e a v y  
s h e a th  o f  m a t r i x  m a t e r i a l  a d h e r in g  t o  t h e i r  s u r f a c e .  The lo w  
s t r e n g t h  f r i c t i o n a l  bond o f  t h e  u n c o u p le d  g ra d e s  a c c o u n ts  f o r  th e  
a d h e s iv e  f a i l u r e  a t  th e  i n t e r f a c e  as  th e  f i b r e  i s  p u l l e d - o u t .  
The e n e rg y  r e q u i r e d  t o  p u l l  th e  f i b r e  f r e e  o f  i t s  e n c o m p a s s in g  
m a t r ix  w i l l  be  th e  e n e rg y  r e q u i r e d  t o  o verco m e th e  i n t e r f a c i a l  
s h e a r  s t r e n g t h  and th e  s u b s e q u e n t f r i c t i o n  o f  p u l l i n g  th e  f i b r e  
o u t  o f  th e  m a t r i x .  B o th  o f  th e s e  p ro c e s s e s  r e q u i r e  f a i r l y  lo w  
l e v e l s  o f  e n e rg y  when co m p ared  w i t h  th e  s i m i l a r  p ro c e s s e s  f o r  th e  
c o u p le d  g r a d e s .  I n  p u l l i n g  a  c o u p le d  f i b r e  fro m  t h e  m a t r i x  t h e  
f r a c t u r e  p a th  i s  no lo n g e r  i n t e r f a c i a l  b u t  i s  f o r c e d  t o  p r o p a g a te  
away fro m  th e  f i b r e \ m a t r i x  i n t e r f a c e  i n  a c o h e s iv e  mode o f  
f a i l u r e .  I n  t h i s  m an n er th e  s h e a r  s t r e n g t h  o f  th e  m a t r i x  h as  t o  
be o v erc o m e  t o  a l lo w  th e  c r a c k  t o  ru n  a ro u n d  t h e  f i b r e .  F u r t h e r  
t o  t h i s ,  e n e rg y  i s  a b s o rb e d  as th e  s h e a th e d  f i b r e  ( w i t h  i t s  
in c r e a s e d  s u r f a c e  a r e a  due t o  th e  s h e a t h ) ,  i s  p u l l e d  th r o u g h  th e  
m a t r ix  c a u s in g  p l a s t i c  f lo w  o f  th e  m a t r i x  a ro u n d  th e  f i b r e .
U n d e r im p a c t  c o n d i t io n s ,  th e s e  s h e a th in g  e f f e c t s  w e re  
o b s e rv e d  i n  a l l  c o u p le d  g r a d e s . As th e  l e v e l  o f  r u b b e r  was 
in c r e a s e d  i n  th e  c o u p le d  g r a d e s ,  th e  s h e a th in g  s t a r t e d  t o  becom e  
p a tc h y .  T h is  i s  m o st c l e a r l y  shown i n  th e  40% r u b b e r  g r a d e ,  
f i g u r e  7 . 1 8 .  The c o u p l in g  a g e n t  i s  s p e c i f i c  t o  t h e  p o ly p r o p y le n e  
and do es  n o t  r e a c t  w i t h  th e  r u b b e r .  Any R u b b e r r i c h  r e g io n s
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a ro u n d  th e  f i b r e  w i l l  n o t  be s t r o n g ly  b o n d e d , and c o u ld  t h e r e f o r e  
l e a d  t o  t h i s  e f f e c t .
The  a d d i t i o n  o f  r u b b e r  t o  th e  m a t r i x  in c r e a s e d  th e  e n e rg y  
a b s o r b in g  c a p a c i t y  o f  th e  m a t r i x  as d e m o n s tra te d  i n  th e  im p a c t  
d a t a  o f  f i g u r e  7 . 1 4  and  t h e  f r a c t u r e  s u r f a c e  o f  f i g u r e  7 . 1 9 .  
P o s s ib le  p ro c e s s e s  e n h a n c in g  th e  to u g h n e s s  may be  
m i c r o c a v i t a t i o n ,  s t r a in - b a n d in g  o r  c r a z in g .
C o u p lin g  a g e n t  was ad d ed  a t  s e t  l e v e l s  o f  th e  b a s e  p o ly m e r .  
In c r e a s in g  th e  c o u p l in g  l e v e l  o f  th e  30% and  40% g la s s  f i l l e d  
g ra d e s  in c r e a s e d  t h e  C h a rp y  e n e r g y ,  f i g u r e  7 . 1 5 .  The  in c r e a s e d  
l e v e l s  o f  c o u p l in g  im p ro v e d  th e  i n t e r f a c i a l  bond and th u s  
p r o b a b ly  in c r e a s e s  th e  p u l l - o u t  e n e r g y .  The 15% g la s s  g ra d e  
e x h i b i t e d  a d e c re a s e  i n  C h a rp y  im p a c t  e n e rg y  w i t h  t h e  a d d i t i o n  
o f  c o u p l in g .  T h e  a d d i t i o n  o f  th e  c o u p l in g  a g e n t  s l i g h t l y  
d e c re a s e s  th e  im p a c t  r e s is t a n c e  o f  th e  m a t r ix  (c o m p a re  AH 1A  and  
A H 1B  f i g u r e  7 . 1 3 ) .  A t  lo w  f i b r e  f r a c t i o n s  th e  f i b r e s  w i l l  be  
f u l l y  b o n d ed  t o  th e  m a t r i x  a t  lo w  l e v e l s  o f  c o u p l in g  a g e n t .  
F u r t h e r  a d d i t io n s  o f  th e  c o u p l in g  a g e n t  w i l l  re d u c e  th e  im p a c t  
r e s is t a n c e  o f  th e  m a t r i x  s p e c i f i c a l l y  and  h en ce  o f  th e  c o m p o s ite  
as a w h o le .
The  c r i t i c a l  s t r a i n  e n e rg y  r e le a s e  r a t e  was a p p ro x im a te d  
u s in g  th e  p ro c e d u re  p ro p o s e d  b y  P l a t i  and W i l l i a m s 1 , o u t l i n e d  
i n  s e c t io n  7 . 1 .  The r e s u l t s  o f  t h i s  a n a ly s is  a r e  g iv e n  i n  t a b l e
7 . 1 .  The  f r a c t u r e  p a r a m e te r s  Gc , K c  and  th e  p l a s t i c  zo n e  r a d iu s ,  
r y , a r e  a p p r o x im a t io n s  c a l c u l a t e d  w i t h i n  th e  l i m i t a t i o n s  o f  
u n c o n t r o l le d  c r a c k  g ro w th  a t  im p a c t  s p e e d s . As a g e n e r a l  r u l e ,  
l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n ic s  t e s t s  a r e  o n ly  v a l i d  i f  th e
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s p e c im e n s  m inim um  d im e n s io n s , B ,  a r e  g r e a t e r  th a n  a m u l t i p l e  o f  
th e  p l a s t i c  zo n e  r a d iu s  le a d in g  t o 6 :
B> 2 . 5 ( U ) 2 ( 7 . 2 2 )
CTy
The r e s u l t s  o f  t h i s  p r o c e d u re  a r e  g iv e n  i n  th e  f i n a l  co lu m n  o f  
t a b l e  7 . 1 .  The  c a l c u l a t e d  m inim um  d im e n s io n s , S , f o r  f r a c t u r e  
m e c h a n ic s  s p e c im e n s  f o r  a l l  o f  th e  g ra d e s  a r e  l a r g e r  th a n  th e  3mm 
th ic k n e s s  l i m i t a t i o n  o f  th e  p la q u e  m a t e r i a l  a v a i l a b l e  a t  t h a t  
t im e .  E r r o r s  a r e  a s s o c ia t e d  w i t h  th e  te c h n iq u e ,  s u ch  as th e  
in c o r p o r a t e d  m e as u re m en t o f  e x t r a n e o u s  e n e r g ie s ,  e . g ,  th e  k i n e t i c  
e n e rg y  o f  th e  s a m p le s  a f t e r  im p a c t . The y i e l d  s t r e n g t h  v a lu e  
u s ed  was m e a s u re d  a t  a s t r a i n  r a t e  o f  50m m /m in an d  w i l l  be  an  
u n d e r e s t im a te  o f  t h e  v a lu e  a t  im p a c t  s p e e d s . T h e s e  f a c t o r s  may 
r e d u c e  B  t o  a l e v e l  a p p r o x im a t in g  t h e  t h ic k n e s s  o f  th e  p la q u e  
m a t e r i a l .  I t  was w i t h  t h i s  i n  m in d  t h a t  th e  l i m i t e d  s e q u e n c e  o f  
3mm t h i c k  J  i n t e g r a l  s p e c im e n s  was p ro d u c e d  and t e s t e d .
C h a rp y  ty p e  s p e c im e n s  w e re  a ls o  m a c h in e d  a t  a  l a t e r  d a te  
fro m  th e  10mm t h i c k  p la q u e s ,  fro m  g ra d e s  A H 2 A , B ,  C , D . T h e s e  
t h i c k e r  s p e c im e n s  e x h i b i t e d  b e h a v io u r  m ore t y p i c a l  o f  w h a t was 
e x p e c te d  th a n  d id  th e  same g ra d e s  i n  t h e  3mm t h i c k  s a m p le s , t a b l e
7 . 2 .  The a d d i t i o n  t o  th e  b a s e  p o ly m e r  o f  g la s s  a n d /o r  r u b b e r  
s u b s t a n t i a l l y  in c r e a s e d  th e  e n e rg y  a b s o r b in g  c a p a b i l i t y  o f  th e  
s y s te m . The  r e s u l t s  fro m  th e  10mm t h i c k  C h a rp y  s p e c im e n s  w i l l  
be d is c u s s e d  i n  m ore d e t a i l  i n  s e c t io n  7 . 5 . 5  a lo n g  w i t h  th e  
r e s u l t s  fro m  t h e  f a l l i n g  w e ig h t  im p a c t  t e s t  p e r fo rm e d  on s i m i l a r  
s p e c im e n s . The  f a l l i n g  w e ig h t  im p a c t  t e s t  i s  e s s e n t i a l l y  a m ore  
r e f i n e d  v e r s io n  o f  th e  C h a rp y  t e s t .
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7 . 5 . 2 .  3mm T h i c k  J c E v a l u a t i o n
T he r e s u l t s  o f  th e  C h a rp y  im p a c t  p ro g ram m e, s e c t io n  7 . 5 . 1 ,  
l e d  t o  a s m a l l  num ber o f  c o m p ac t t e n s io n  s p e c im e n  b e in g  c u t  fro m  
t h e  3mm t h i c k  p la q u e s  t o  e n a b le  th e  p o s s i b i l i t y  o f  e v a l u a t i o n  o f  
J c  a n a l y s is .  G rad e  A H 1 F  (30% c o u p le d  g la s s  i n  p o ly p r o p y le n e )  was 
s e le c t e d  f o r  th e  t e s t s  as  i t  was th e  f i b r e  f i l l e d  g ra d e  w i t h  
p r o p e r t i e s  c lo s e s t  t o  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n ic s  t e s t i n g  
c r i t e r i a  ( e q u a t io n  7 . 2 2 ) .
F ig u r e  7 . 2 0  shows th e  r e s u l t s  o f  th e  J c  t e s t i n g  p ro g ram m e. 
A l i n e  o f  b e s t  f i t  was a p p l ie d  t o  th e  p o in t s  and e x t r a p o l a t e d  t o  
g iv e  a J ( o . 2 )  1388  J / m 2 . The  m inim um  d im e n s io n  c r i t e r i o n  f o r
J c  t e s t i n g  ta k e n  fro m  ASTM E 8 1 3 - 8 7 7 i s
B> 2 5 -^ 2  ( 7 . 2 3 )
° y
w h e r e :
J Q 3 J 0 . 2 /bl or J 0.2
U s in g  t h e  a b o v e c r i t e r io n  Bm±n  i s  fo u n d  t o  be  0 .4mm.  T h is  i s  
w e l l  b e lo w  th e  s p e c im e n  t h ic k n e s s ,  so t h a t  th e  c r i t e r i o n  i s  m e t .  
H o w e v e r, i t  was a c k n o w le d g e d  t h a t  t h i s  g ra d e  w o u ld  a lw a y s  h a v e  
t h e  g r e a t e s t  p o s s i b i l i t y  o f  m e e t in g  th e  c r i t e r i o n .  I n  c o m p a r is o n ,  
o t h e r  g ra d e s  w o u ld  h a v e  a s m a l le r  p o s s i b i l i t y  o f  f u l f i l l i n g  th e  
c r i t e r i a .  As y e t  i t  h as  n o t  b e e n  shown w h e th e r  th e  same 
c r i t e r i o n  w h ic h  a p p l ie s  t o  m e ta ls  ( e q u a t io n  7 . 2 3 )  a ls o  a p p l ie s  
t o  p o ly m e r s .  I t  was w i t h  th e s e  re a s o n s  i n  m in d  t h a t  i t  was 
d e c id e d  t o  p ro d u c e  th e  1 0mm t h i c k  p la q u e s  t o  in c r e a s e  th e  e r r o r  
m a rg in  f o r  v a l i d a t i o n .
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7 . 5 . 3 .  1Omm T h i c k  J c E v a l u a t i o n  -  M e th o d s  I  & I I
S p ec im e n s  fro m  g ra d e s  A H 2 A , B , C , D  w e re  p r e p a r e d  f o r  J c  
t e s t i n g  as  d e s c r ib e d  i n  s e c t io n  7 . 2 . 3 a .  T h ey  w e re  th e n  lo a d e d  
t o  p ro d u c e  a ra n g e  o f  c r a c k  le n g t h  in c r e m e n ts .  G r e a t  d i f f i c u l t y  
was fo u n d  i n  b r e a k in g  op en  s a m p le s  o f  th e  p l a i n  p o ly p r o p y le n e  
g ra d e  ( A H 2 A ) t o  r e v e a l  th e  f r a c t u r e  s u r fa c e s  c l e a r l y .  When th e  
p ro b le m  was f i n a l l y  o v erc o m e  m o st o f  th e  AH2A  s a m p le s  fro m  m eth o d  
I  h ad  b e en  d e s t r o y e d .  I t  i s  f o r  t h i s  re a s o n  t h a t  r e s u l t s  fro m  
m eth o d  I  a r e  o n ly  a v a i l a b l e  f o r  th e  t h r e e  r e m a in in g  g r a d e s .
The  c r a c k  g ro w th  i n  th e  u n r e in f o r c e d  m a t e r i a l  was m e as u re d  
fro m  t h e  ed g e  o f  th e  r a z o r  n o tc h  t o  ed g e  o f  th e  s t r e s s  w h ite n e d  
r e g io n ;  ' and  t o  th e  l i m i t s  o f  t h e  d y e  p e n e t r a n t  i n  th e  f i b r e  
f i l l e d  g r a d e s .  F o r  b o th  m eth o d s  I  and  I I ,  t h i s  te c h n iq u e  o f  
c r a c k  m e as u re m en t p ro v e d  t o  be  u n r e l i a b l e ,  f o r  t h e  re a s o n s  g iv e n  
b e lo w .
When d e a l in g  w i t h  th e  u n f i l l e d  g ra d e s  th e  CT s p e c im e n s  w e re  
c o o le d  i n  l i q u i d  n i t r o g e n  a f t e r  lo a d in g  and th e n  b ro k e n  o p e n .  
T he p l a s t i c a l l y  d e fo rm e d  r e g io n  p ro d u c e d  d u r in g  th e  i n i t i a l  c r a c k  
f o r m a t io n  c o u ld  c l e a r l y  be s e e n  as  a s t r e s s  w h ite n e d  moon 
a d ja c e n t  t o  th e  c o lo u r le s s  b r i t t l e  f r a c t u r e  s u r f a c e  p ro d u c e d  b y  
b r e a k in g  t h e  s p e c im e n  o p e n , f i g u r e  7 . 2 1 .  T h e  a p p a r e n t  c r a c k  
e x t e n s io n  was m e as u re d  fro m  th e  s c a l p e l  n o tc h  t o  t h e  p e r im e t e r  
o f  th e  s t r e s s  w h ite n e d  z o n e . H o w e v e r, i t  was l a t e r  fo u n d  t h a t  
th e  s t r e s s  w h ite n e d  r e g io n  was a p r o d u c t  o f  th e  p l a s t i c  dam age  
zo n e  r u n n in g  a h e a d  o f  th e  a c t u a l  c r a c k .  T h is  i n a b i l i t y  t o  
d i s t i n g u i s h  b e tw e e n  th e  tw o , p ro d u c e d  an o v e r  e s t im a t e  o f  th e  
c r a c k  e x t e n s io n .
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F o r  th e  f i b r e  f i l l e d  g r a d e s ,  a d ye  p e n e t r a n t  te c h n iq u e  was 
u s e d . The p e n e t r a n t  was l e f t  on th e  s a m p le s  f o r  a  num ber o f  
h o u r s .  I t  was n o t ic e d  t h a t  a t  th e  m a c h in e d  fa c e s  o f  th e  s p e c im e n  
t h e  p e n e t r a n t  im p re g n a te d  t h e  s p e c im e n  s u r fa c e s  t o  v a r y in g  d e p th s  
d e p e n d in g  on th e  l o c a l i s e d  f i b r e  a l ig n m e n t .  T h e  p o s s ib le  
im p r e g n a t io n  o f  t h e  p e n e t r a n t  p a s t  th e  c r a c k  f r o n t  i n t o  th e  
dam age zo n e  p ro d u c e d  o v e r e s t im a t e s  o f  th e  c r a c k  e x t e n s io n .
W ith  th e s e  f a c t o r s  i n  m in d , a d is c u s s io n  o f  t h e  r e s u l t s  can  
be m ade. The e f f e c t  o f  o v e r e s t im a t in g  th e  c r a c k  e x t e n s io n  was 
t o  u n d e r e s t im a te  th e  to u g h n e s s  o f  t h e  m a t e r i a l .  F ig u r e  7 . 2 2  
shows t h e  r e s u l t s  fro m  th e  m eth o d  I  and f ig u r e s  7 . 2 3  -  7 . 2 6  show  
th e  r e s u l t s  fro m  m eth o d  I I .  The  same g e n e r a l  t r e n d s  w e re  
e x h i b i t e d  by  th e  c u rv e s  fro m  b o th  m eth o d s  a lth o u g h  t h e  v a lu e s  o f  
J c  do v a r y  b o th  i n  m a g n itu d e  and r a n k in g  o r d e r  o f  th e  m a t e r i a l s ,  
t a b l e  7 . 3 .  The c u rv e s  fro m  a l l  f o u r  g ra d e s  o r i g i n a t e  w i t h i n  a  
f a i r l y  n a r ro w  e n e rg y  d i s t r i b u t i o n ,  ( f i g u r e  7 . 2 7 )  d e m o n s t r a t in g ,  
as we know fro m  o b s e r v a t io n ,  t h a t  f r a c t u r e  i n i t i a t i o n  i s  m a t r ix  
d o m in a te d . The  s u r p r is i n g  f e a t u r e s  o f  th e  c u rv e s  a r e  t h a t  th e  
a d d i t i o n  o f  g la s s  a n d /o r  r u b b e r  t o  th e  p o ly p r o p y le n e  re d u c e s  th e  
f r a c t u r e  to u g h n e s s . I t  i s  p o s s ib le  t h a t  th e  g la s s  f i b r e s  w i t h i n  
t h e  m a t r i x  may re d u c e  th e  f r a c t u r e  to u g h n e s s  b y  a c t in g  as  
i n i t i a t i o n  s i t e s  f o r  f r a c t u r e .  H o w ever i t  seems h i g h l y  u n l i k e l y  
t h a t  th e  a d d i t i o n  o f  r u b b e r  t o  th e  m a t r ix  w i l l  c a u s e  a s i m i l a r  
e f f e c t ,  as  i t  i s  ad d ed  t o  p ro m o te  e n e rg y  a b s o r b in g  p ro c e s s e s  
d u r in g  f r a c t u r e .  A p o s s ib le  re a s o n  i s  s u g g e s te d  b e lo w .
T he  l e v e l  b y  w h ic h  th e  c r a c k  e x t e n s io n s  h a v e  b e en  
m is m e a s u re d  w i l l  be r e l a t e d  t o  t h e  damage zo n e  a h e a d  o f  th e
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c r a c k ,  and  h e n c e  a ls o  t o  th e  p l a s t i c  zo n e  r a d iu s  g iv e n  i n  
e q u a t io n  7 . 3 :
r y = 1 _ .  (Kc / o y s ) 2 ( 7 . 3 )
2 t i
The a d d i t i o n  o f  r u b b e r  t o  th e  m a t r i x  w i l l  in c r e a s e  K c  and  re d u c e  
0y s  th u s  in c r e a s in g  r y  o v e r a l l .  The l a r g e  in c r e a s e  i n  th e  s i z e  
o f  th e  dam age zo n e  may a c c o u n t ,  i n  p a r t ,  f o r  th e  lo w e r  J c  
m e as u re m e n ts  o f  th e  r u b b e r  to u g h e n e d  g ra d e s  s in c e ,  as  d is c u s s e d  
a b o v e , t h i s  may h a v e  b e en  in c lu d e d  i n  t h e  e s t im a t e  o f  th e  c r a c k  
l e n g t h  in c r e m e n t .  The  o b s e rv e d  r e d u c t io n  i n  f r a c t u r e  to u g h n e s s  
on a d d i t i o n  o f  g la s s  w i l l  be d is c u s s e d  i n  g r e a t e r  d e t a i l  i n  th e  
f o l l o w i n g  s e c t i o n .
7 . 5 . 4 .  1 Omm T h ic k  J c E v a lu a t io n  -  M e th o d  I I I
T h e  m a in  d i f f e r e n c e  b e tw e e n  t h i s  te c h n iq u e  and  t h e  p r e v io u s  
ones  i s  t h a t  th e  s p e c im e n  g e o m e try  and c r a c k  m e a s u r in g  te c h n iq u e  
w e re  c h an g ed  t o  h e lp  o v erc o m e  th e  p ro b le m  r e a l i s e d  i n  m eth o d s  I  
and I I .  S in g le  ed g e  n o tc h e d  ben d  s p e c im e n s  w e re  m a c h in e d  fro m  
t h e  1 0mm t h i c k  p la q u e s  and  lo a d e d  i n  3 - p o i n t  b e n d in g  t o  g ro w  
s m a l l  c r a c k s .  The  r e s u l t a n t  c r a c k s  w e re  o b s e rv e d  b y  c u t t i n g  th e  
s p e c im e n s  i n t o  h a lv e s  down t h e i r  le n g t h  and m e a s u r in g  t h e  c r a c k  
i n  s i t u  as  d e s c r ib e d  i n  s e c t io n  7 . 2 . 3 c .  I n  t h i s  m an n er th e  
p o s s i b i l i t y  o f  i n c u r r i n g  e r r o r s  b y  i n c lu d in g  th e  dam age p ro c e s s  
zo n e  i n  t h e  a s s e s s m e n t o f  c r a c k  in c r e m e n t ,  w h ic h  may o c c u r  i n  
m eth o d s  I  an d  I I ,  c o u ld  be  r e d u c e d . H a v in g  s a id  t h a t ,  a s m a l l  
e r r o r  w i l l  b e  in c u r r e d  by  a s s u m in g  t h a t  th e  m e as u re d  c r a c k  le n g t h  
i s  t h e  a v e ra g e  f o r  th e  w h o le  t h ic k n e s s .  I t  was s e e n  i n  o t h e r
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t e s t s  t h a t  t h e  f r a c t u r e  f r o n t  was a r c e d .  I n  t h i s  m an n er th e  
f r a c t u r e  to u g h n e s s  may be  s l i g h t l y  u n d e r  e s t im a t e d .
The  r e s u l t s  fro m  th e  f r a c t u r e  m e c h a n ic s  J c  t e s t i n g  u s in g  
m eth o d  I I I  a r e  g iv e n  i n  f i g u r e s  7 . 2 8  -  7 . 3 6  and t a b l e  7 . 3 .  I n  
t h i s  s e r i e s  o f  t e s t s  th e  a d d i t i o n  o f  r u b b e r  p ro d u c e s  a s m a l l  
in c r e a s e  i n  to u g h n e s s , as  p r e d ic t e d  i n  th e  p r e v io u s  s e c t io n .  
H o w e v e r, i n  a g re e m e n t w i t h  th e  r e s u l t s  fro m  m eth o d s  I  and  I I  th e  
a d d i t i o n  o f  g la s s  f i b r e s  t o  th e  m a t r i x  re d u c e s  th e  f r a c t u r e  
to u g h n e s s . The f i b r e s  a p p e a r  t o  w eaken  th e  m a t r i x  b y  p o s s ib ly  
a id in g  f r a c t u r e  i n i t i a t i o n .  T h is  c o n t r a d ic t s  th e  r e s u l t s  o f  th e  
C h a rp y  t e s t  program m e w h ic h  showed an  in c r e a s e  i n  f r a c t u r e  
to u g h n e s s  on th e  a d d i t i o n  o f  g la s s .
To i n v e s t i g a t e  t h i s  e f f e c t  f u r t h e r ,  f r a c t u r e  s u r fa c e s  fro m  
t h e  J c  t e s t s  and  C h a rp y  t e s t s  w e re  o b s e rv e d  i n  SEM. T h e  f r a c t u r e  
s u r f a c e  o f  c o u p le d  f i b r e  f i l l e d  C h a rp y  t e s t  s p e c im e n s  e x h i b i t e d  
th e  s h e a th e d  p u l l e d - o u t  f i b r e s ,  f i g u r e  7 . 1 7 ,  as  d is c u s s e d  i n  
s e c t io n  7 . 5 . 1  . The  m a t r ix  f r a c t u r e  was p r e d o m in a n t ly  b r i t t l e  i n  
n a t u r e ,  b e in g  m a in ly  p l a n a r ,  f i g u r e  7 . 3 7 .  I n  r u b b e r  m o d i f ie d  
g ra d e s  th e  r u b b e r  p a r t i c l e s  c an  b e  s e e n  as n o d u la r  p r o t r u s io n s  
p u l l e d  o u t  o f  th e  m a t r i x ,  e x h i b i t i n g  l i t t l e  o r  no o b v io u s  p l a s t i c  
d e f o r m a t io n ,  f i g u r e  7 . 3 8 .  I n  c o n t r a s t ,  th e  J c  s p e c im e n  f r a c t u r e  
s u r f a c e s  show a  c o m p le te ly  d i f f e r e n t  m o rp h o lo g y , f i g u r e  7 . 3 9 .  
T h e  m o st n o t i c e a b le  f e a t u r e  i s  th e  l a c k  o f  an y  m a t r i x  s h e a th in g  
o f  th e  p u l l e d - o u t  c o u p le d  f i b r e s ,  f i g u r e  7 . 4 0 .  T h is  e f f e c t  was 
g e n e r a l  t o  a l l  th e  p u l l e d - o u t  f i b r e s  fro m  b o th  r u b b e r  m o d i f ie d  
and u n m o d if ie d  g r a d e s .  I n  a d d i t i o n  t o  t h i s  th e  m a t r i x  f r a c t u r e  
m o rp h o lo g y  was a ls o  d i f f e r e n t ,  f i g u r e  7 . 4 1 .  The  m a t r i x  e x h i b i t e d
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l a r g e  p l a s t i c  d e fo r m a t io n  and s h e a r in g  t y p i c a l  o f  p o ly p r o p y le n e  
f a i l u r e  a b o ve  Tg .
S p ec im e n s  w e re  a ls o  m a c h in e d  fro m  th e  10mm t h i c k  f i b r e  
f i l l e d  g ra d e s  w i t h  a  p e r p e n d ic u la r  o r i e n t a t i o n  ( 9 0 ° )  t o  th o s e  
p r e v io u s ly  p r e p a r e d  ( 0 ° ) .  The  c r a c k  i n  such  s p e c im e n s  was grow n  
p a r a l l e l  t o  th e  m e lt  f i l l  d i r e c t i o n .  The  f r a c t u r e  to u g h n e s s  o f  
th e s e  s p e c im e n s  ( 9 0 ° )  was lo w e r  th a n  t h a t  a c h ie v e d  by th e  0 °  
s p e c im e n s . The  f r a c t u r e  to u g h n e s s  i s  e x p e c te d  t o  be  h ig h e s t  when  
th e  c r a c k  i s  ru n  p e r p e n d ic u la r  t o  th e  f i b r e  le n g t h  d i r e c t i o n .  
I n  t h i s  o r i e n t a t i o n  th e  c r a c k  i s  f o r c e d  t o  t r a v e l  a ro u n d  th e  
f i b r e s  i n  th e  m o st c o n v o lu te d  and  e n e rg y  a b s o r b e n t  r o u t e .  The  
p o t e n t i a l  c o n t r i b u t i o n  fro m  f i b r e  p u l l - o u t  w i l l  a ls o  be  
m a x im is e d . When t h e  c r a c k  ru n s  p a r a l l e l  t o  th e  f i b r e  le n g t h  
d i r e c t i o n  th e  c r a c k  w i l l  e a s i l y  p r o p a g a te  th ro u g h  th e  m a t r i x  
b e tw e e n  t h e  f i b r e s  o r  a lo n g  th e  f i b r e / m a t r i x  i n t e r f a c e .  The  
r a t i o  o f  s k in  t o  c o r e  i n  th e  1 0mm t h i c k  p la q u e s  was a p p r o x im a te ly  
2 :1  c o n t r i b u t i n g  g r e a t l y  t o  th e  p r o p o r t io n  o f  o f f  a x is  f i b r e s  and  
h e n ce  to u g h n e s s .
I n  p a r a l l e l  w i t h  t h e  SENB J c  t e s t i n g  p ro g ram m e, t e s t s  w e re  
a ls o  p e r fo rm e d  upon i d e n t i c a l  s p e c im e n s  t o  e v a lu a t e  LEFM 
p a r a m e t e r s .
7 - 5 . 5 .  In s t r u m e n t e d  F a l l i n g  W e ig h t Im p a c t  T e s t  R e s u lt s
T h e  IF W IT  r e s u l t s  a r e  l i s t e d  i n  t a b le s  7 .4  and  7 . 5 .  The  
t e s t s  p e r fo rm e d  upon t h e  3mm t h i c k  s p e c im e n s  w e re  p e r fo rm e d  a t  
-6 5 ° C  t o  e n a b le  th e  th ic k n e s s  c r i t e r i a  t o  be m e t. T h e  p ro b le m  
a s s o c ia t e d  w i t h  r e d u c in g  th e  t e s t  te m p e r a tu r e  was t h a t  i t  i s
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l i k e l y  t o  a l t e r  th e  f r a c t u r e  m o rp h o lo g y . A t  -6 5 ° C  p o ly p r o p y le n e  
w i l l  be  w e l l  b e lo w  i t s  Tg  and  p re s u m a b ly  i t s  f r a c t u r e  
c h a r a c t e r i s t i c s  may be  a f f e c t e d .  H o w e v e r, th e  f r a c t u r e  to u g h n e s s e s  
o f  t h e  3mm s p e c im e n s  a r e  r e a s o n a b ly  c o n s is t e n t  w i t h  th e  r e s u l t s  
fro m  th e  10mm t h i c k  s p e c im e n s  t e s t e d  a t  2 3 °C . As d is c u s s e d  in  
s e c t io n  7 . 5 . 4 ,  m a t r i x  f r a c t u r e  a t  im p a c t  s p ee d s  i s  b r i t t l e  i n  
n a t u r e .  R e d u c in g  th e  te m p e r a tu r e  o f  th e  p o ly m e r  t o  b e lo w  i t s  Tg  
w i l l  h a v e  l i t t l e  e f f e c t  upon an  a l r e a d y  b r i t t l e  f r a c t u r e  
m o rp h o lo g y . The  s t r a i n  e n e rg y  r e le a s e  r a t e  o f  th e  3mm s p e c im e n s  
i s  lo w e r  th a n  t h a t  o f  th e  1 0mm t h i c k  s p e c im e n s  o f  i d e n t i c a l  
g r a d e s .  T h e  s t r a i n  e n e rg y  r e le a s e  r a t e  i s  g r e a t l y  d o m in a te d  by  
t h e  f i b r e  p u l l - o u t  and  r u b b e r  to u g h e n in g  p r o c e s s e s .  The  
r e d u c t io n  i n  te m p e r a tu r e  o f  th e  t e s t  w i l l  s u b s t a n t i a l l y  re d u c e  
th e  m a t r i x  s t r e n g t h ,  th e  m a t r i x  s h e a r  c o n t r i b u t i o n  t o  th e  p u l l -  
o u t  e n e rg y  and  th e  r u b b e r  to u g h e n in g  p ro c e s s e s  (m o le c u la r  
o r i e n t a t i o n  and  s h e a r ) . C o n v e r s e ly ,  th e  r e d u c t io n  i n  te m p e r a tu r e  
may in c r e a s e  th e  th e r m a l  c o n t r a c t io n  o f  th e  p o ly m e r  a ro u n d  th e  
f i b r e s  and  h e n c e  in c r e a s e  th e  p u l l - o u t  e n e r g y .
The  e f f e c t  o f  a d d in g  r u b b e r  t o  p o ly p r o p y le n e ,  w h e th e r  o r  n o t  
r e in f o r c e d  by  g la s s  f i b r e s ,  i s  t o  in c r e a s e  K c  and  Gc . T h e s e  
o b s e r v a t io n s  a r e  i n  a g re e m e n t w i t h  th e  J c  r e s u l t s  p e r fo rm e d  on  
th e  CT s p e c im e n s  a t  1m m /m in. H o w e v e r, i n  t h i s  s e r i e s  o f  t e s t s  
th e  a d d i t i o n  o f  g la s s  f i b r e s  a ls o  in c r e a s e d  K c  and Gc . T h e s e  
r e s u l t s  a r e  i n  a g re e m e n t th e  r e s u l t s  o f  th e  C h a rp y  t e s t  program m e  
on th e  10mm t h i c k  s p e c im e n s , t a b l e  7 . 2 ,  as w o u ld  be  e x p e c te d  on  
th e  b a s is  t h a t  th e  IF W IT  i s  e s s e n t i a l l y  a m ore s o p h is t ic a t e d  fo rm  
o f  C h a rp y  t e s t .
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I t  a g a in  a p p e a rs  t h a t  th e  f r a c t u r e  m e c h a n ic s  p r o p e r t i e s  a r e  
s t r a i n  r a t e  d e p e n d a n t . When o b s e rv e d  by SEM t h e  f r a c t u r e  
s u r fa c e s  e x h i b i t e d  th e  same c h a r a c t e r i s t i c s  d is c u s s e d  i n  s e c t io n
7 . 5 . 4 ,  n a m e ly , b r i t t l e  m a t r i x  f r a c t u r e  w i t h  s h e a th e d  p u l l e d - o u t  
f i b r e s  a t  h ig h  s t r a i n  r a t e s ,  and  d u c t i l e  m a t r i x  f r a c t u r e  w i t h  
c le a n  p u l l e d - o u t  f i b r e  s u r fa c e s  a t  lo w  s t r a i n  r a t e s .
I t  was w i t h  th e s e  r e s u l t s  i n  m in d  t h a t  th e  f i n a l  s e r i e s  o f  
f r a c t u r e  m e c h a n ic s  t e s t s  w e re  p e r fo r m e d . I t  was h o p ed  t h a t  w i t h  
a d y n a m ic  LEFM t e s t  p e r fo rm e d  on i d e n t i c a l  s p e c im e n s , b u t  a t  tw o  
e x tre m e s  o f  s t r a i n  r a t e  th e  c h a n g in g  f r a c t u r e  m e c h a n ic s  p ro c e s s e s  
c o u ld  be q u a n t i f i e d .
7 . 5 . 6 .  D yn am ic  LEFM T e s t s  a t  D i f f e r e n t  S t r a i n  R a te s
The  d y n a m ic  LEFM t e s t s  w e re  p e r fo rm e d  on CT s p e c im e n s  a t  
1m m /m in and  10200m m /m in  ( 0 . 1 7 m / s  -  th e  f a s t e s t  a v a i l a b l e  s t r a i n  
r a t e  fro m  th e  h y d r a u l i c  r i g ) . The r e s u l t s  g iv e n  i n  t h i s  c h a p t e r  
w e re  o b t a in e d  fro m  s in g le  s p e c im e n s  f o r  th e  t e s t s  p e r fo rm e d  a t  
1m m /m in . No p ro b le m s  w e re  fo u n d  w i t h  t h i s  te c h n iq u e  a t  th e  lo w  
s t r a i n  r a t e .  Two s p e c im e n s  p e r  g ra d e  w e re  s t r a in e d  a t  0 . 1 7 m / s .  
U n f o r t u n a t e ly  t h e  f r a c t o m e t e r  g au g e  fro m  one s p e c im e n  o f  e a c h  
g ra d e  becam e u n a t ta c h e d  fro m  th e  s u r f a c e  o f  i t s  s p e c im e n  a f t e r  
o n ly  l i m i t e d  c r a c k  g ro w th  d u r in g  th e  h ig h e r  s t r a i n  r a t e  t e s t s .  
F o r  th e s e  s p e c im e n s  th e  r e s u l t s  a r e  g iv e n  f o r  c r a c k  g ro w th  t o  th e  
p o in t  when th e  g a u g e s  d e b o n d e d . I n  a d d i t i o n ,  a t  t h e  h ig h e r  
s t r a i n  r a t e  p ro b le m s  a s s o c ia t e d  w i t h  i n e r t i a l  e f f e c t s  o f  th e  
g r ip s  w e re  e n c o u n te r e d .  F ig u r e s  7 . 4 2  and 7 . 4 3  show th e  
f o r c e / d e f l e c t i o n  ( t i m e )  p r o f i l e  f o r  th e  tw o  g r a d e s .  The
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u n d e r ly in g  f o r c e / d e f l e c t i o n  c u rv e  i s  s i m i l a r  t o  t h a t  c r e a t e d  by  
th e  s lo w e r  r a t e  t e s t ,  f i g u r e s  7 . 4 4  and 7 . 4 5 .  H o w e v e r, im p o sed  
on to p  o f  t h a t  c u r v e  i s  a s in u s o id a l  r e s o n a n t  r e s p o n s e .  The  CT 
s p e c im e n s  w e re  h e ld  i n  p o s i t i o n  by p in s  s u p p o r te d  by  a  s p e c i a l l y  
made r i g .  The  r i g  was c la m p e d  t o  th e  m a c h in e  by  l a r g e  h y d r a u l i c  
g r i p s .  T h e  mass o f  th e  w h o le  c la m p in g  a p p a r a tu s  was q u i t e  
s u b s t a n t i a l  and  much g r e a t e r  th a n  t h a t  o f  th e  s p e c im e n . On 
com m encem ent o f  s t r a i n i n g ,  th e  i n e r t i a  o f  th e  c la m p in g  a p p a r a tu s  
c a u s e d  a l a r g e  f o r c e  t o  be e x e r t e d  upon th e  lo a d  c e l l . The  
a p p a r a tu s  was th e n  f o r c e d  t o  ' c a t c h  u p ' w i t h  t h e  c ro s s h e a d  and  
a r e s o n a n t  ' b o u n c e 1 was s e t  up i n  th e  g r i p s . The w h o le  t e s t  o n ly  
to o k  0 . 0 5  s e c o n d s , n e v e r  a l lo w in g  th e  'b o u n c e ' t o  dampen o u t .  
T h is  e f f e c t  a c c o u n ts  f o r  th e  r e s o n a n t  a p p e a ra n c e  o f  th e
o v e r a l l  f o r c e / d e f l e c t i o n  c u r v e .  F o r  th e  h ig h  s t r a i n  r a t e  t e s t ,  
K c  was c a l c u l a t e d  f o r  a l l  p o in t s  on th e  c u r v e ,  b u t  th e  s t r a i n  
e n e rg y  r e le a s e  r a t e  Gc  was o n ly  c a l c u l a t e d  b e tw e e n  t h e  lo a d  p e a k s  
o f  th e  s in u s o id a l  c u r v e .  E s t im a t in g  how a c r a c k  w i l l  ru n  u n d e r  
th e  i n f l u e n c e  o f  su ch  a lo a d in g  p r o f i l e  i s  h ig h ly  c o m p le x . I f  
a s m o o th in g  p ro c e s s  w e re  a p p l ie d  t o  th e  f o r c e  c u r v e  f o r  th e  Gc  
c a l c u l a t i o n ,  lo w e r  v a lu e s  w o u ld  be  o b t a in e d .
I n  d is c u s s in g  th e  r e s u l t s  fro m  b o th  th e  s lo w  an d  f a s t  s t r a i n  
r a t e  t e s t s ,  some i n t e r e s t i n g  g e n e r a l i s a t i o n s  c an  be  made fro m  
f i g u r e s  7 . 4 2  t o  7 . 5 7 .  F ig u r e s  7 . 4 2  -  7 . 4 5  show th e  f o r c e  and  
c r a c k  le n g t h  v e rs u s  d is p la c e m e n t .  F o r  a l l  s p e c im e n s  t h e  c r a c k  
s t a r t e d  g ro w in g  b e f o r e  p e a k  lo a d .  I t  i s  p o s s ib le  t h a t  th e  f o i l  
g au g e  was t e a r i n g  s l i g h t l y  a h e a d  o f  th e  a c t u a l  c r a c k  due  t o  th e  
e l a s t i c i t y  o f  th e  m a t r i x .  H o w e v e r, c r a c k in g  o f  th e  m a t r i x  c o u ld  
be o b s e rv e d  w e l l  b e f o r e  p e a k  lo a d .  The c r a c k  g ro w th  p r o f i l e s  f o r
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t h e  t e s t s  w e re  sm ooth  w i t h  th e  e x c e p t io n  o f  th e  c o u p le d  g la s s  
f i l l e d  g ra d e  ( A H 2 C ) a t  th e  h ig h e r  s t r a i n  r a t e .  G la s s  f i l l e d  
s p e c im e n s  s u b je c te d  t o  th e s e  c o n d i t io n s  e x h i b i t e d  a s te p p e d  c r a c k  
g ro w th  r a t e ,  f i g u r e  7 . 4 2 .  B e tw e en  e a c h  p e a k  and  t r o u g h  o f  th e  
f o r c e /d is p la c e m e n t  c u r v e  t h e r e  a p p e a r  t o  be a s te p s  i n  th e  c r a c k  
g ro w th  p r o f i l e ,  c o r r e s p o n d in g  t o  th e  r e s p e c t iv e  d e c r e a s e  o r  
in c r e a s e  i n  c y c l i c  lo a d in g .  The  c y c l in g  lo a d  c a u s e d  th e  c r a c k  
t o  ' p o p 1 th r o u g h  th e  m a t r ix  i n  p e r io d s  o f  r a p id  g ro w th  f o l lo w e d  
by p e r io d s  o f  no g r o w th .  I t  i s  p o s s ib le  t h a t  th e  c r a c k  c o u ld  be  
a r r e s t e d  by  r e g io n s  r i c h  i n  f i b r e s  o r i e n t e d  as  t o  h in d e r  th e  
a d v a n c e  o f  th e  c r a c k s .  Once t h e  lo a d  i s  s u f f i c i e n t ,  th e  c r a c k  
can  d r i v e  a r o u n d /th r o u g h  th e s e  r e g io n s  u n t i l  i t  i s  n e x t  s to p p e d  
a t  a lo w  p o in t  i n  th e  lo a d  c y c l e ,  and  so o n . I n  th e  s lo w e r  
s t r a i n  r a t e  t e s t ,  th e  c r a c k  g ro w th  and lo a d in g  i s  f a r  m ore  
c o n t r o l l e d  th e r e b y  d is c o u r a g in g  t h i s  e f f e c t .  I n  th e  r u b b e r  
to u g h e n e d , f i b r e  f i l l e d  m a t e r i a l ,  A H 2D ,  a t  th e  h ig h e r  s t r a i n  r a t e  
th e  'p o p p in g *  e f f e c t  was i n h i b i t e d  p o s s ib ly  due t o  th e  m ore  
c o m p lia n t  m a t r ix  o r  lo w e r  i n t e r f a c i a l  f i b r e / m a t r i x  s h e a r  
s t r e n g t h .
F r a c t u r e  to u g h n e s s , K c , and th e  s t r a i n  e n e rg y  r e le a s e  r a t e ,  
Gc , a r e  u s u a l l y  c a l c u l a t e d  a t  p e a k  lo a d .  As a l r e a d y  d is c u s s e d ,  
th e  c r a c k  s t a r t s  g ro w in g  b e f o r e  p e a k  lo a d ,  a n d , as  c a n  b e  s e e n  
fro m  t h e  f i g u r e s  7 . 4 6  t o  7 . 5 7 ,  K c  and  Gc  do n o t  s t a b i l i s e  u n t i l  
s i g n i f i c a n t  (10mm) c r a c k  g ro w th  has  b e en  a c h ie v e d .  The  f r a c t u r e  
m e c h a n ic s  p a r a m e te r s  p r e s e n te d  i n  t a b l e  7 .6  w e re  c a l c u l a t e d  a t  
c r a c k  i n i t i a t i o n  and p e a k  lo a d .  P eak  lo a d  c o r re s p o n d s  t o  th e  
s t a b i l i s a t i o n  o f  v a lu e s  f o r  K c  and  Gc  a t  th e  lo w e r  s t r a i n  r a t e .  
A t th e  h ig h e r  s t r a i n  r a t e ,  K c  f o r  b o th  g ra d e s  d id  n o t  s t a b i l i s e
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and i s  q u o te d  a t  th e  p o in t  o f  p e a k  lo a d .  S i m i l a r l y ,  th e  v a lu e  
o f  Gc  f o r  g ra d e  A H 2C  a t  p e a k  lo a d  i s  6 . 4 0  MN/m3/ 2 b u t  a t  l a r g e r  
c r a c k  le n g t h s  s t a b i l i s e s  a t  1 1 . 8 0  MN/m3/ 2 .
F r a c t u r e  to u g h n e s s , K c , r e p r e s e n t s  th e  c r i t i c a l  l e v e l  o f  
c r a c k  t i p  s t r e s s  r e q u i r e d  t o  p r o p a g a te  an i n i t i a l l y  s h a rp  c r a c k  
th r o u g h  a m edium , w h a te v e r  t h a t  may b e . A t  p r im a r y  c r a c k  
i n i t i a t i o n ,  t h i s  e n t a i l s  th e  s t r e s s  n e ed e d  t o  s t a r t  th e  c r a c k  t o  
ru n  fro m  th e  s c a lp e l  s h a rp e n e d  n o tc h .  Once th e  p r im a r y  
i n i t i a t i o n  i s  o v e rc o m e , th e  c r a c k  g ro w th  can  be e n v is a g e d  as a  
s e r ie s  o f  many i n i t i a t i o n s  th u s  a l lo w in g  th e  c r a c k  t o  ru n  th ro u g h  
th e  m a t e r i a l .  As th e  c r a c k  moves th ro u g h  th e  m a t e r i a l  i t  w i l l  
in d u c e  a dam age p ro c e s s  zo n e  a h e a d  o f  th e  n o tc h  t i p .  The dam age  
p ro c e s s  zo n e  w i l l  b e g in  s m a l l  i n  s i z e  and g ro w  as  t h e  c r a c k  
in c r e a s e s  i n  s i z e .  The e n e rg y  r e q u i r e d  t o  c r e a t e  th e  dam age  
p ro c e s s  zo n e  w i l l  c o n t r i b u t e  t o  th e  f r a c t u r e  to u g h n e s s . The  
f r a c t u r e  to u g h n e s s  w i l l  t h e r e f o r e  in c r e a s e  w i t h  c r a c k  le n g t h  and  
a s s o c ia t e d  p ro c e s s  zo n e  s i z e .  E v e n t u a l ly  th e  dam age p ro c e s s  zo n e  
w i l l  s t a b i l i s e  i n  s i z e ,  as  w i l l  th e  f r a c t u r e  to u g h n e s s . T h is  
t y p i c a l  f r a c t u r e  to u g h n e s s  b e h a v io u r  was d e m o n s tra te d  by th e  
s lo w e r  s t r a in e d  s p e c im e n s . The s p e c im e n s  s t r a in e d  a t  th e  h ig h e r  
r a t e  n e v e r  a c h ie v e d  s t a b le  f r a c t u r e  to u g h n e s s . A t  th e  h ig h  
s t r a i n  r a t e s  th e  p ro c e s s  zo n e  was n o t  a l lo w e d  t o  s t a b i l i s e  
p o s s ib ly  due o f  i n s u f f i c i e n t  t im e  t o  a l lo w  f o r  m o le c u la r  
o r i e n t a t i o n  r e l a x a t i o n  o f  th e  m a t r i x  a n d /o r  th e  i n e r t i a l  e f f e c t s  
o f  th e  g r i p s .  A s i m i l a r  r e l a t i o n s h i p  was fo u n d  b e tw e e n  f r a c t u r e  
to u g h n e s s  and  c r a c k  s p e e d . As th e  c r a c k  sp eed  in c r e a s e s ,  th e  
e n e rg y  r e q u i r e d  t o  i n i t i a t e  f u r t h e r  f r a c t u r e  in c r e a s e s ,  b u t  a t  
h ig h e r  c r a c k  s p ee d s  th e  e n e rg y  r e q u i r e d  l e v e l s  o u t .  C ra c k  s p ee d
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in c r e a s e s  w i t h  c r a c k  l e n g t h .  Once th e  dam age p ro c e s s  zo n e  h as  
s t a b i l i s e d ,  t h e  c r a c k  s p ee d  re m a in s  f a i r l y  c o n s t a n t  b u t  c a n  ' p o p '  
th r o u g h  f i b r e  d e f i c i e n t  zo n e s  a t  h ig h e r  s p e e d s .
The s t r a i n  e n e rg y  r e le a s e  r a t e ,  Gc , i n  i t s  s im p le s t  fo rm  i s  
th e  e n e rg y  r e q u i r e d  t o  p ro d u c e  tw o  new f r a c t u r e  s u r f a c e s . A t  
c r a c k  i n i t i a t i o n ,  e n e rg y  i s  r e q u i r e d  t o  p ro d u c e  tw o  f r e s h  
f r a c t u r e  s u r f a c e s .  As th e  c r a c k  e x te n d s ,  e n e rg y  i s  r e q u i r e d  t o  
p ro d u c e  th e  new f r a c t u r e  a r e a .  A d d i t i o n a l l y ,  e n e rg y  i s  a ls o  
r e q u i r e d  t o  op en  th e  f r a c t u r e  fa c e s  l e f t  b e h in d .  I n  th e  c a s e  o f  
f i b r e  f i l l e d  m a t e r i a l  t h i s  w i l l  in c lu d e  th e  e n e rg y  n e e d e d  t o  
o verco m e  f i b r e  p u l l - o u t  o c c u r r in g  b e h in d  th e  a d v a n c in g  c r a c k  
f r o n t .  As t h e  c r a c k  le n g t h  in c r e a s e s  so w i l l  t h e  c o n t r i b u t i o n  
fro m  t h e  c r a c k  o p e n in g , th u s  in c r e a s in g  Gc . E v e n t u a l l y  th e  c r a c k  
o p e n in g  w i l l  c o m p le te ly  f r e e  t h e  f r a c t u r e  s u r fa c e s  a t  a d is t a n c e  
b e h in d  th e  c r a c k  f r o n t .  A t  t h i s  p o i n t  th e  s t r a i n  e n e rg y  r e le a s e  
r a t e  w i l l  s t a b i l i s e .  H o w e v e r, due t o  th e  n o n -h o m o g en eo u s  n a t u r e  
o f  s h o r t  f i b r e  f i l l e d  c o m p o s ite s , th e  e n e rg y  r e q u i r e d  t o  p u l l - o u t  
f i b r e s  w i l l  v a r y  fro m  one r e g io n  t o  th e  n e x t ,  c a u s in g  l a r g e  
v a r i a t i o n s  i n  Gc .
F ig u r e s  7 . 4 6 ,  4 7 ,  5 0 ,  5 1 ,  54 -  57 show t h a t  Gc  re s p o n d s  i n  
th e  m an n er d e s c r ib e d  a b o ve  w i t h  c h a n g in g  c r a c k  le n g t h  f o r  b o th  
s t r a i n  r a t e s .  The v a r i a t i o n  i n  Gc  i s  f a r  g r e a t e r  th a n  t h a t  
d e te r m in e d  f o r  Kc  -  t h i s  b e in g  due t o  th e  c r a c k  o p e n in g  e f f e c t ,  
( f i g u r e s  7 . 4 6 ,  50 -  Gc  : f i g u r e s  7 . 4 8 ,  52 -  Kc ) . T h e re  i s  l i t t l e  
o b v io u s  c o r r e l a t i o n  b e tw e e n  Gc  and  c r a c k  s p e e d , f i g u r e s  7 . 4 7  and  
7 . 5 1 .  A t  s m a l l  c r a c k  le n g t h s  t h e  c r a c k  sp eed  i s  lo w e s t ,  b u t  a t  
l a r g e r  c r a c k  le n g t h s  th e  c r a c k  s p ee d  v a r ie s  g r e a t l y  w i t h  l i t t l e  
c o r r e l a t i o n  t o  t h e  s t r a i n  e n e rg y  r e le a s e  r a t e .
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T h e  f r a c t u r e  s u r fa c e s  fro m  a l l  th e  s p e c im e n s  w e re  o b s e rv e d  
u s in g  SEM. The f r a c t u r e  s u r f a c e  o f  th e  s p e c im e n s  s t r a in e d  a t  
1m m /m in, f i g u r e s  7 . 5 8 ,  e x h i b i t e d  th e  d u c t i l e  m a t r i x  f r a c t u r e  
s u r f a c e  and u n s h e a th e d  p u l l e d - o u t  f i b r e s  i d e n t i c a l  t o  t h a t  o f  th e  
J c  s p e c im e n s , f i g u r e  7 . 3 9 .  T h e  f r a c t u r e  s u r f a c e s  o f  th e  
s p e c im e n s  lo a d e d  a t  0 . 1 7 m / s  show ed a  f r a c t u r e  s u r f a c e  d i s s i m i l a r  
t o  an y  s e e n  p r e v i o u s l y .  T h e  m a t r i x  f r a c t u r e ,  f i g u r e  7 . 5 9 ,  
e x h i b i t e d  a m a in ly  b r i t t l e  f r a c t u r e  s u r f a c e ,  b u t  w i t h  some 
e v id e n c e  o f  d u c t i l e  b e h a v io u r  o f  and a ro u n d  th e  r u b b e r  p a r t i c l e s ,  
f i g u r e  7 . 6 0 .  The  p u l l e d - o u t  f i b r e s  e x h i b i t e d  p a tc h y  m a t r i x  
s h e a th in g  a d h e re d  t o  t h e i r  s u r f a c e s ,  f i g u r e  7 . 6 1 .  The  s u r f a c e  
c o v e r in g  o f  s h e a th in g  was f a r  le s s  th a n  t h a t  e x h i b i t e d  by  th e  
im p a c t  s p e c im e n s , f i g u r e  7 . 1 7 .  From  th e s e  o b s e r v a t io n s  i t  can  
be c o n c lu d e d  t h a t  th e  s t r a i n  r a t e  a c h ie v e d  by th e  d y n a m ic  t e s t  
was s u f f i c i e n t  o n ly  i n  p a r t  t o  a c h ie v e  th e  c o m b in a t io n  o f  a 
b r i t t l e  m a t r i x  and  s h e a th e d  f i b r e  f r a c t u r e  s u r f a c e  a k in  t o  t h a t  
o f  th e  im p a c t  t e s t s .  A t  th e s e  s t r a i n  r a t e s  th e  m a t r i x  f r a c t u r e  
m o rp h o lo g y  was b r i t t l e ,  b u t  p u l l e d  o u t  f i b r e s  e x h i b i t e d  p o o r  
s h e a th in g  m ore t y p i c a l  o f  t h a t  a s s o c ia t e d  w i t h  a d u c t i l e  m a t r i x  
f a i l u r e .  The s p ee d  o f  th e  c r a c k  r u n n in g  th ro u g h  th e  m a t r i x  w i l l  
be g r e a t e r  th a n  th e  r a t e  a t  w h ic h  t h e  f i b r e s  a r e  p u l l e d  o u t  o f  
th e  m a t r i x  th ro u g h  th e  c r a c k  o p e n in g  d is p la c e m e n t .  T h is  
d i f f e r e n c e  i n  r e l a t i v e  c r a c k  s p ee d s  may a c c o u n t  f o r  th e  
d i f f e r e n c e  i n  f a i l u r e  modes b e tw e e n  m a t r i x  and p u l l e d - o u t  f i b r e s .
An o v e r v ie w  o f  th e  a b s o lu t e  f r a c t u r e  m e c h a n ic s  p a r a m e te r s  
and  f a i l u r e  m echan ism s fro m  a l l  th e  t e s t s  w i l l  be d is c u s s e d  i n  
th e  n e x t  s e c t io n .
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7 . 5 . 7 .  F r a c t u r e  M e c h a n ic s  P a r a m e t e r  R e s u l t s
T h is  s e c t io n  w i l l  c o m p r is e  a  d is c u s s io n  o f  th e  r e s u l t s  fro m  
f r a c t u r e  m e c h a n ic s  t e s t s  (C h a rp y , IF W IT , J c , d y n a m ic  CT) 
p e r fo rm e d  on th e  1 0mm t h i c k  coupons  fro m  g ra d e s  A H 2 A , 2 B t 2C  and  
2 D . T a b le  7 .7  su m m aris es  th e  r e s u l t s  fro m  a l l  th e s e  t e s t s .
The  r e s u l t s  c an  be  b r o a d ly  c h a r a c t e r is e d  i n t o  t h r e e  g ro u p s  
d e p e n d in g  upon th e  s t r a i n  r a t e  o f  th e  t e s t .  I t  i s  known fro m  
o b s e r v a t io n  o f  th e  f r a c t u r e  s u r fa c e s  t h a t  t h e r e  a r e  tw o  g e n e r a l  
f a i l u r e  m odes. A t  lo w  s t r a i n  r a t e s  (1m m /m in ) th e  m a t r i x  f a i l u r e  
i s  p r i m a r i l y  d u c t i l e  i n  n a t u r e  and  p u l l e d - o u t  f i b r e s  a r e  n o t  
s h e a th e d .  A t  im p a c t  s p ee d s  ( 1 m / s )  th e  m a t r ix  f a i l u r e  i s  b r i t t l e  
and p u l l e d - o u t  f i b r e s  a r e  s h e a th e d  i n  a  c o a t  o f  p o ly m e r  m a t r i x .  
A t i n t e r m e d ia t e  s t r a i n  r a t e s  ( 0 . 1 7 m / s )  a b a la n c e  b e tw e e n  th e  tw o  
p ro c e s s e s  i s  a c h ie v e d .
T h e  f r a c t u r e  m o rp h o lo g y  and  r e l a t i v e  c o n t r i b u t i o n  o f  th e  
d i f f e r e n t  to u g h e n in g  p ro c e s s e s  r e s u l t  i n  th e  d i f f e r e n c e  i n  
m e a s u re d  f r a c t u r e  to u g h n e s s  and  t h e i r  r e s p e c t i v e  r a n k in g  o r d e r .
A t  th e  lo w e s t  s t r a i n  r a t e s  ( Im m /m in ) t e s t s  w e re  p e r fo rm e d  
on th e  SENB J a s p e c im e n s  and  th e  d y n a m ic  LEFM CT s p e c im e n s . The  
f r a c t u r e  m e c h a n ic s  p a r a m e te r s  J c  and K c  a r e  r e l a t e d  th r o u g h
K2 = E . J C ( 7 . 2 4 )
As J c  i s  e x t r a p o la t e d  a t  c r a c k  le n g t h s  o f  0.2mm i t  i s  c o r r e c t  t o  
u s e  K c  v a lu e s  a t  s i m i l a r  c r a c k  le n g t h s .  I n i t i a t i o n  v a lu e s  a r e  
m e a s u re d  a t  z e r o  c r a c k  l e n g t h ,  and  p e a k  lo a d  v a lu e s  a r e  
c a l c u l a t e d  a t  c r a c k  le n g t h s  o f  10 t o  15mm. I t  i s  t h e r e f o r e  o n ly
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a p p r o p r ia t e  t o  u se  v a lu e s  o f  K c  r e c o r d e d  a t  c r a c k  i n i t i a t i o n .  
T a b le  7 .8  d e t a i l s  th e  r e s u l t s  o f  t h i s  r e l a t i o n s h i p  on th e  tw o  
g ra d e s  f o r  w h ic h  K c  v a lu e s  w e re  o b t a in e d  a t  i n i t i a t i o n .  The  
d i f f e r e n c e  b e tw e e n  K c  c a l c u l a t e d  fro m  J c  and th e  m e a s u re d  K c  i s  
r e l a t i v e l y  s m a l l  and c an  be a t t r i b u t e d  t o  th e  d i f f e r e n c e  i n  c r a c k  
l e n g t h  m e a s u r in g  t e c h n iq u e .  The  CT te c h n iq u e  m e a s u re s  th e  c r a c k  
l e n g t h  a t  th e  s u r f a c e ,  b u t  th e  SENB t e s t  m e a s u re s  t h e  c r a c k  
l e n g t h  a t  th e  c e n t r e .  As c an  be  s e e n  i n  f i g u r e  7 . 2 1  ( a  CT 
f r a c t u r e  s u r f a c e ) ,  th e  f r a c t u r e  f r o n t  g row s as an a r c .  The  
d i f f e r e n t  m e a s u r in g  te c h n iq u e s  r e s u l t e d  i n  th e  c r a c k  le n g t h s  fro m  
th e  CT s p e c im e n s  b e in g  m e as u re d  as  b e in g  le s s  th a n  th e  SENB 
s p e c im e n s . As d is c u s s e d  i n  s e c t io n  7 . 5 . 3 ,  an  in c r e a s e d  c r a c k  
l e n g t h  m e as u re m en t w i l l  r e s u l t  i n  a re d u c e d  f r a c t u r e  to u g h n e s s ,  
th u s  a c c o u n t in g  f o r  th e  s l i g h t  d is c r e p a n c y .
The  g e n e r a l  t r e n d  a t  th e s e  lo w  s t r a i n  r a t e s  i s  f o r  th e  
f r a c t u r e  to u g h n e s s  t o  be  m a t r i x  d o m in a te d . S tu d ie s  o f  th e  
f r a c t u r e  s u r f a c e  e x h i b i t  l a r g e  p l a s t i c  d e fo r m a t io n  o f  th e  m a t r ix  
a s s o c ia t e d  w i t h  h ig h  to u g h n e s s , b u t  c le a n  p u l l e d - o u t  f i b r e s  
t y p i c a l  o f  lo w  p u l l - o u t  e n e r g y .  T h e s e  to u g h e n in g  p ro c e s s e s  
m a n if e s t  th e m s e lv e s  i n  th e  r e s u l t a n t  f r a c t u r e  p a r a m e te r s  fro m  th e  
d i f f e r e n t  g r a d e s . The a d d i t i o n  o f  r u b b e r  t o  th e  p o ly p r o p y le n e  
in c r e a s e s  th e  f r a c t u r e  to u g h n e s s  o f  th e  m a t r ix  by  th e  d u c t i l e  
to u g h e n in g  p ro c e s s e s  d is c u s s e d  e a r l i e r .  H o w ever th e  a d d i t i o n  o f  
g la s s  e m b r i t t l e s  th e  m a t r i x  by  a d d in g  d i s c o n t i n u i t i e s  and  
i n i t i a t i n g  c r a c k s  a t  f i b r e  ends and  a ls o  c o n t r ib u t e s  l i t t l e  
th ro u g h  f i b r e  p u l l - o u t .
T h e  h ig h e s t  s t r a i n  r a t e  t e s t s  ( IF W IT  and C h a rp y ) p ro d u c e d  
f r a c t u r e  m e c h a n ic s  p a r a m e te r s  and  r a n k in g  o r d e r  q u i t e  d i f f e r e n t
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t o  t h a t  p ro d u c e d  a t  th e  lo w e s t  s t r a i n  r a t e .  The  m a t r i x  f r a c t u r e  
s u r f a c e  a t  su ch  s t r a i n  r a t e s  i s  b r i t t l e ,  b u t  p u l l e d - o u t  f i b r e s  
e x h i b i t  m a t r i x  s h e a th in g  t y p i c a l  o f  h ig h  p u l l - o u t  e n e r g ie s .  The  
e f f e c t  o f  th e s e  d i f f e r e n t  p ro c e s s e s  i s  t o  a l t e r  t h e  f r a c t u r e  
p a r a m e te r s  s i g n i f i c a n t l y .  I t  m u st be  n o te d  t h a t  a t  th e s e  h ig h  
s t r a i n  r a t e s  th e  f r a c t u r e  p a r a m e te r s  a r e  m e as u re d  a t  p e a k  lo a d ,  
and may t h e r e f o r e  be  h ig h e r  by  a f a c t o r  o f  b e tw e e n  2 and  3 th a n  
th e  same p a r a m e te r  m e a s u re d  a t  i n i t i a t i o n .  The  f r a c t u r e  
to u g h n e s s , K c , o f  t h e  u n r e in f o r c e d  g ra d e s  i s  much lo w e r  a t  th e  
h ig h e r  s t r a i n  r a t e ,  t y p i c a l  o f  a  t r a n s i t i o n  b e tw e e n  d u c t i l e  and  
b r i t t l e  m a t r i x  f r a c t u r e  b e h a v io u r .  The  a d d i t i o n  o f  r u b b e r  h as  
l i t t l e  e f f e c t  upon th e  f r a c t u r e  to u g h n e s s . H o w e v e r, t h e  a d d i t i o n  
o f  g la s s  in c r e a s e s  th e  f r a c t u r e  to u g h n e s s . T h is  w o u ld  be  
e x p e c te d  as  th e  s h e a th e d  f i b r e s  t y p i f y  good i n t e r f a c i a l  b o n d in g  
th u s  r e i n f o r c i n g  th e  m a t r i x  and n o t  i n i t i a t i n g  c r a c k s  t o  th e  same 
e x t e n t  t h a t  t h e  p o o r ly  b o nded  f i b r e s  w o u ld .
T h e  s t r a i n  e n e rg y  r e le a s e  r a t e  i s  d o m in a te d  by  (a n d  t o  a  
l e s s e r  e x t e n t  K c  i s  e n h a n c e d  b y ) th e  e n e rg y  a b s o r b in g  p ro c e s s  
a s s o c ia t e d  w i t h  c r a c k  o p e n in g , n a m e ly , f i b r e  p u l l - o u t ,  r u b b e r  
p u l l - o u t  and  m a t r i x  f r a c t u r e  s u r f a c e  c r e a t i o n .  The  e n e rg y  
a s s o c ia t e d  w i t h  th e  c r e a t i o n  o f  th e  b r i t t l e  m a t r i x  f r a c t u r e  i s  
c o n s id e r a b ly  e n h a n c e d  b y  th e  p u l l - o u t  e n e r g ie s  o f  t h e  s h e a th e d  
f i b r e s  and  r u b b e r  p a r t i c l e s .
The  d y n a m ic  LEFM t e s t s  p e r fo rm e d  on CT s p e c im e n s  a t  a s t r a i n  
r a t e  o f  0 .1  7m /s  e x h i b i t  f r a c t u r e  m o rp h o lo g y  c h a r a c t e r i s t i c s  shown  
by b o th  h ig h e r  and  lo w e r  s t r a i n  r a t e  t e s t s .  The m a t r i x  f r a c t u r e  
i s  m a in ly  b r i t t l e ,  b u t  w i t h  some d u c t i l e  r e g io n s  e s p e c i a l l y  i n  
th e  r e g io n  o f  r u b b e r  p a r t i c l e s .  The  f i b r e s  a r e  p u l l e d - o u t  f a i r l y
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c l e a n l y ,  b u t  w i t h  some p a tc h y  m a t r i x  s h e a t h in g .  As th e  s t r a i n  
r a t e  o f  th e  d y n a m ic  CT t e s t s  was in c r e a s e d  t h e  f r a c t u r e  
to u g h n e s s , K c , d e c re a s e d  f o r  b o th  i n i t i a t i o n  and p e a k  lo a d  as th e  
m a t r ix  f r a c t u r e  t r a n s i t i o n s  fro m  d u c t i l e  t o p r e d o m o n in a n t ly b r i t t le  
b e h a v io u r .  The  m e a s u re d  s t r a i n  e n e rg y  r e le a s e  r a t e ,  Gc , u n d e r  
th e  same c o n d i t io n s  d id  n o t  a l t e r  s i g n i f i c a n t l y .  T h is  i s  
p o s s ib ly  c a u s e d  by  an e n e rg y  b a la n c e  b e tw e e n  th e  s l i g h t  in c r e a s e  
i n  f i b r e  p u l l - o u t  e n e rg y  due t o  t h e  p a tc h y  s h e a th in g  o f  th e  
f i b r e s ,  and  th e  d ro p  i n  s u r f a c e  e n e rg y  due t o  th e  t r a n s i t i o n  to  
a b r i t t l e  m a t r i x  f r a c t u r e  s u r f a c e .
M a jo r  d is c r e p a n c ie s  o c c u r  b e tw e e n  Gc  c a l c u l a t e d  by th e  
d y n a m ic  LEFM CT and  IF W IT  SENB t e s t s . The r e s u l t s  o f  th e  IF W IT  
a r e  f a r  lo w e r  th a n  t h a t  o f  t h e  d y n a m ic  CT t e s t . One re a s o n  f o r  
t h i s  i s  t h e  c r a c k  le n g t h  a t  w h ic h  a c o n s ta n t  v a lu e  o f  Gc  i s  
o b t a in e d  i n  th e  d y n a m ic  CT t e s t .  As e x p la in e d  i n  s e c t io n  7 . 5 . 6 ,  
a c o n s t a n t  v a lu e  o f  Gc  was n o t  o b t a in e d  u n t i l  t h e  c r a c k  le n g t h  
was c o n s id e r a b ly  g r e a t e r  th a n  t h a t  p ro d u c e d  a t  p e a k  lo a d .  
T h e r e f o r e ,  Gc  u n d e r  s t a b le  c o n d i t io n s  i s  g r e a t e r  th a n  th e  Gc  
c a l c u l a t e d  a t  p e a k  lo a d  o f  th e  c y c l i c  f o r c e /d is p la c e m e n t  c u r v e .  
I n  a d d i t i o n  t o  t h i s ,  as  d is c u s s e d  i n  s e c t io n  7 . 5 . 6  G was 
c a l c u l a t e d  a t  th e  maximum v a lu e s  o f  t h e  r e s o n a n t  
f o r c e /d is p la c e m e n t  re s p o n s e  fro m  th e  m a c h in e  ( f i g u r e  7 . 4 2  and  
7 . 4 3 ) .  T h is  a n a ly s is  p ro d u c e s  maximum v a lu e s  f o r  Gc . S m o o th in g  
t h e  f o r c e /d is p la c e m e n t  c u rv e s  w i l l  p ro d u c e  a lo w e r  v a lu e .
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7 . 5 . 8 .  A d d i t i o n a l  F r a c t u r e  S u r f a c e  O b s e r v a t i o n s
F ig u r e s  7 . 6 2  -  7 . 6 4  show f r a c t u r e  s u r fa c e s  o f  s p e c im e n s  i n  
w h ic h  c r a c k s  w e re  p r o p a g a te d  a t  tw o  d i f f e r e n t  s p e e d s  and an  
a s s o c ia t e d  t r a n s i t i o n  i n  f r a c t u r e  m o rp h o lo g y  c an  b e  s e e n .
F ig u r e s  7 . 6 5  -  7 . 6 7  show s p e c im e n s  w hose c r a c k s  w e re  n o t  
g ro w n  th r o u g h  th e  f u l l  t h ic k n e s s  o f  th e  s p e c im e n . F ib r e s  can  be  
se e n  p a r t i a l l y  p u l l e d  o u t  o f  th e  m a t r i x  b r id g in g  t h e  o p en  c r a c k .  
I t  i s  t h i s  ty p e  o f  p ro c e s s  w h ic h  g iv e s  r i s e  t o  th e  h ig h  Gc  v a lu e s  
o f  th e  f i b r e  f i l l e d  g r a d e s .  C h a rp y  im p a c ts  a t  lo w e r  s p ee d s  th a n  
p r e v io u s ly  u s e d  (a n d  th u s  lo w e r  im p a c t  e n e r g ie s )  c a u s e d  c r a c k s  
t o  p r o p a g a te  o n ly  p a r t i a l l y  th r o u g h  th e  t h ic k n e s s  o f  th e  
s p e c im e n . T h is  g a v e  r i s e  t o  a  l a r g e  p r o p o r t io n  o f  u n s h e a th e d  
f i b r e s ,  s i m i l a r  t o  th e  CT t e s t  a t  0 . 1 7 m / s .
F ib r e s  w h ic h  w e re  p u l l e d  o u t  o f  th e  m a t r i x  e x h i b i t e d  some 
i n t e r e s t i n g  f e a t u r e s .  The b ro k e n  f i b r e  ends w e re  v e r y  s e ld o m  
c o a te d  by  m a t r i x  m a t e r i a l ,  f i g u r e  7 . 6 8 .  The c o u p l in g  a g e n t  
p r o b a b ly  bonds t o  th e  s i z i n g  on th e  s u r f a c e  o f  th e  g la s s  f i b r e s .  
As t h e  f i b r e s  a r e  b ro k e n  i n t o  s h o r t  le n g t h s  t h e  f i b r e  ends  
c r e a t e d  b y  t h i s  p ro c e s s  a r e  p r i s t i n e  and  n o t  c o a te d  by  s i z i n g .  
T h e re  w i l l  b e  no c h e m ic a l  bond b e tw e e n  th e  f i b r e  end  and  t h e  
m a t r i x .  T h is  e f f e c t  h as  g r e a t  i n f lu e n c e  upon t h e  f r a c t u r e  
to u g h n e s s  o f  th e  m a t e r i a l .  F r a c t u r e  i s  i n i t i a t e d  b y  p en n y  s h ap ed  
c r a c k s  w h ic h  i n i t i a t e  a t  f i b r e  e n d s . As f i b r e  ends  c an  debond  
e a s i l y ,  p en n y  s h ap e d  c r a c k s  w i l l  a ls o  fo rm  q u i c k l y  and  th u s  
c o n t r i b u t e  t o  a r e d u c t io n  i n  th e  f r a c t u r e  to u g h n e s s . T h is  
p ro c e s s  i s  g e n e r a l l y  o b s c u re d  by o t h e r  m ore d o m in a n t f i b r e  
to u g h e n in g  p r o c e s s e s .
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The b ro k e n  f i b r e  ends o f  p u l l e d  o u t  f i b r e s  e x h i b i t e d  th e  
o v a l  'th u m b  n a i l '  f r a c t u r e  s u r f a c e ,  t y p i c a l  o f  b e n d in g  f a i l u r e s  
p ro d u c e d  d u r in g  e x t r u s io n ,  as d is c u s s e d  i n  c h a p t e r  4 .  A t  no  
p o in t  d u r in g  t h e  e x t e n s iv e  f r a c t u r e  s u r f a c e  a n a ly s is  was a p u l l e d  
o u t  f i b r e  o b s e rv e d  w i t h  a p la n a r  f i b r e  e n d , t y p i c a l  o f  a t e n s i l e  
f a i l u r e .  T h is  s u g g e s ts  t h a t  no p u l l e d  o u t  f i b r e s  h ad  le n g th s  
g r e a t e r  th a n  t h e  c r i t i c a l  l e n g t h .  T h is  w o u ld  a g r e e  w i t h  th e  
r e s u l t s  fro m  t h e  f i b r e / m a t r i x  i n t e r f a c e  c h a r a c t e r i s a t i o n  -  t h a t  
th e  m a j o r i t y  o f  f i b r e s  i n  th e  c o m p o s ite  h a v e  le n g t h s  s h o r t e r  th a n  
t h e  c r i t i c a l  l e n g t h .
As d is c u s s e d  i n  s e c t io n  7 . 5 . 1 ,  r u b b e r  p a r t i c l e s  do n o t  bond  
w i t h  th e  c o u p l in g  a g e n t .  I n  th e  h ig h  r u b b e r  lo a d e d  g r a d e s ,  
r u b b e r  r i c h  r e g io n s  d id  n o t  bond t o  f i b r e .  T h is  r e s u l t e d  i n  th e  
p a tc h y  s h e a th in g  o f  p u l l e d  o u t  f i b r e s .  P re s u m a b ly , t h i s  e f f e c t  
w i l l  d e g ra d e  th e  m e c h a n ic a l p r o p e r t i e s  in c lu d in g  th e  to u g h n e s s  
and s t r a i n  e n e rg y  r e le a s e  r a t e .
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C h a r p y  i m p a c t  t e s t  r e s u l t s  f r o m  3mm t h i c k  m o u ld e d  s p e c i m e n s .  
N o t c h  m a c h i n e d  i n t o  m o u ld e d  s a m p l e .  S h a p e  f a c t o r ,  (p, d e t e r m i n e d
Table 7.1
a s  1 . 7 9  f o r  Gc  e v a l u a t i o n .
Code Charpy
(J)
G c
(kJ)
E
(GPa)
Kc
(MNm~3/2)
r y
(mm)
° y s
(MPa)
8min
(mm)
1A 0.19 2 . 6 8 1 .87 2.24 0.53 38.70 8.37
1B 0.17 2.36 1 .87 2 . 1 0 0.46 38.90 7.29
1C 0.23 3.15 1 . 2 0 1 .94 0.54 33.40 8.48
1 D 1 . 0 0 13.89 1 .09 3.89 4.08 24.30 64.09
1E 0.31 4.28 6.75 5.37 1 . 8 8 49.50 29.46
1F I 0.58 8.04 7.44 7.73 0,82 107.90 12.85
1G 0.34 4.76 5.96 5.33 2.91 39.40 45.72
1 H 0.44 6.14 4.77 5.41 5.32 29.60 83.54
1 1 0.61 8.50 7.05 7.74 0.98 98.80 15.35
1J 1.03 14.30 5.46 8.84 2.30 73.60 36.04
2A 0.17 2.33 2.06 2.19 0.48 39.73 7.61
2B 0.51 7.01 1.17 2 . 8 6 2.24 24.17 35.11
2C 0.34 4.72 7.34 5.89 0.83 81 .77 12.96
2D 0.47 6.51 5.61 6.04 1 .26 67.87 19.83
2E 0.46 6.44 3.52 4.76 1 .18 55.40 18.48
2 F 0 . 6 6 9.19 3.20 5.42 8 . 6 8 23.23 136.29
2G 0 . 6 6 9.14 7.05 8.03 1 .63 79.43 25.53
2H 0.40 5.50 5.82 5.66 • 4.51 33.60 70.87
2 1 0.43 5.97 6.07 6 . 0 2 0.90 80.03 14.15
2J 0.29 4.00 5.21 4.56 3.29 31 .77 51 .61
2K 0.75 10.44 5.00 7.23 1 .95 65.37 30.55
2 L 0.54 7.44 4.03 5.48 9.84 22.03 154.52
2 M 0.29 4.01 5.67 4.77 1 .36 51 .57 21 .39
2N 0.75 10.46 5.79 7.78 1 .61 77.30 25.33
T a b l e  7 . 2  C h a r p y  r e s u l t s  f r o m  t h e  1 Omm t h i c k  s p e c i m e n s
Code AH2A AH2B AH2C (0 ) AH2D (0 )
(J) (J) (J) (J)
A v e r a g e 0 . 5 5 9 1 .5 4 5 2 . 2 8 0 2 . 9 6 0
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T a b l e  7 . 3  E l a s t i c - P l a s t i c  f r a c t u r e  m e c h a n i c s  r e s u l t s  f o r  
s p e c i m e n s  c u t  f r o m  t h e  1 Omm t h i c k  p l a q u e s . ( 0 ) d e n o t e s  t h a t  t h e
c r a c k  was  r u n  p e r p e n d i c u l a r  t o  t h e  m e l t  f i l l  d i r e c t i o n .  (9 0 )  
d e n o t e s  t h a t  t h e  c r a c k  was r u n  p a r a l l e l  t o  t h e  m e l t  f i l l  
d i r e c t i o n .
Code AH2A AH2B AH2C AH2D
M ethod J (0 . 2 ) J (0 . 2 ) J ( 0 . 2 ) J (0 . 2 )
( J / m 2 ) ( J / m 2 ) ( J / m 2 ) ( J / m 2 )
o o ------- 586 485 979
CT2  ( 0 ) 1465 365 891 695
SENB3 ( 0 ) 2 1 0 0 2270 1400 1840
( 9 0 ) 1330 1140
T a b l e  7 . 4  L i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s  t e s t  r e s u l t s  f r o m
s p e c i m e n s  c u t  f r o m  3mm t h i c k  p l a q u e s
Code AH1F
( 0 )
AH2C
( 0 )
AH1D AH2B
KIC
(MN/m3/ 2 )
5 . 4 4 . 5 1 . 6 1 .4
GIC
( k j / m 2 )
6 . 0 4 . 7 1 .3 0 . 9
T a b l e  7 . 5  L i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s  t e s t  r e s u l t s  f r o m  
10mm t h i c k  s i n g l e  e d g e  n o t c h e d  b e n d  s p e c i m e n s .  S p e c i m e n s  t e s t e d
a t  i m p a c t  s p e e d s  o f  1 m / s .  KIC a n d  Gi c  c a l c u l a t e d  a t  p e a k  l o a d .
Code AH2A AH2B AH2C
( 0 )
AH2C
(9 0 )
AH2D
( 0 )
AH2D
(9 0 )
KIC
(MN/m3 / 2 )
1 . 8 2 1 .9 7 4 .0 1 3 . 0 9 4 . 0 2 2 . 9 9
GIC 
( k J / m 2 )
1 . 1 1 2 . 9 0 6 . 4 6 3 . 6 3 8 . 0 3 5 . 2 9
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Table 7.6 Dynamic lin ear e la s t ic  fracture mechanics tes t resu lts
f r o m  1 0 mm t h i c k  c o m p a c t  t e n s i o n  s p e c i m e n s .
Code KIC 1 mm/min 
(MN/m3/ 2 )
KIC 0 . 1 7 m / s  
(MN/m3 / 2 )
C a l c ’ a t
I n i t P e a k I n i t P e a k
AH2C (9 0 ) 2 .4 1 6 . 0 4 0 . 7 0 2 . 3 0
AH2D ( 9 0 ) 1 .9 6 4 . 1 8 0 . 4 5 2 . 7 5
GIC 1mm/min 
( k J / m 2 )
Gj£ 0 . 1 7m /s  
( k J  /  m2 )
AH2C (9 0 ) 3 . 4 4 11 .7 0 2 . 5 0 1 1  .80
AH2D (9 0 ) 3 . 4 5 9 . 6 7 2 . 8 0 9 . 7 5
T a b l e  7 . 7  C o m p a r in g  t h e  r e s u l t s  f r o m  t h e  f r a c t u r e  m e c h a n i c s  t e s t s  
o n  s p e c i m e n s  p r o d u c e d  f r o m  t h e  1 0 mm t h i c k  p l a q u e s .
Code 1 mm/min |  0 . 1 7 m / s  j| 1 m /s
( k  J  /m2 )
Kc (MN/m3 / 2 )
C r a c k
L e n g t h
0 . 2 mm I n i t 1n P e a k
Load
I n i t ' n P e a k
Load
P e a k
L oad
AH2A 2 . 1 0 1 . 8 2
AH2B 2 . 2 7 1 .9 7
AH2C0 1 .41 4 .0 1
AH2Cqn 1 .3 3 2 .4 1 6 . 0 4 0 . 7 0 2 . 3 0 3 . 0 9
AH2Dn 1 .8 4 4 . 0 2
AH2D9 0 1 . 1 4 1 .9 6 4 . 1 8 0 . 4 5 2 . 7 5 2 . 9 9
Gc ( k J / m 2 ) C h a r p y
( J )
AH 2 A 1 . 1 1 0 . 5 6
AH2B 2 . 9 0 1 .5 5
AH2Cn 6 . 4 6 2 . 2 8
AH2Cqn 3 . 4 4 1 1 . 7 ’ 2 . 5 0 1 1  . 8 3 . 6 3
AH2D0 8 . 0 3 2 . 9 6
AH2Dqo 3 . 4 5 9 . 6 7 i 2 . 8 0 9 . 7 5 5 . 2 9
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T a b l e  7 . 8  T h e o r e t i c a l  r e l a t i o n s h i p  b e t w e e n  J c a n d  Kc . J c  i s  
e x t r a p o l a t e d  a t  c r a c k  l e n g t h s  o f  0.2mm. Kc  i s  t a k e n  a t  
i n i t i a t i o n  f r o m  t h e  d y n a m ic  CT t e s t s .  The IFWIT p r o d u c e s  a  Kc  
v a l u e  a t  c r a c k  l e n g t h s  o f  b e t w e e n  1 mm a n d  1 .5mm, a n d  i s  t h e r e f o r e  
n o t  a p p l i c a b l e  d u e  t o  t h e  o b s e r v e d  i n c r e a s e  i n  Kc  w i t h  c r a c k  
l e n g t h .
J c ( 0 . 2 ) ( E / 1 - v 2 ) 9 0 C a l c '  Kc E x p ' Kc
Code
( k J  /  m2 ) (GPa)
Kc 2  -  E . J C 
(MN/m3 / 2 ) (MN/m3 / 2 )
AH2C9 0 1 .33 2 . 6 4 1 .8 7 2 .41
AH2Dqn 1 . 1 4 2 . 0 2 1 .5 2 1 .9 6
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F ig  7 .2  D e f in i t io n  o f  e n e r g y  a b so rb e d , U
A
-
" I
F i g u r e  7 . 3  Compact t e n s i o n  s p e c i m e n  f r a c t u r e  s u r f a c e  o f
f i b r e  f i l l e d  g r a d e .  A dye  p e n e t r a n t  i s  u s e d  t o  
r e v e a l  t h e  c r a c k  p a t h .
F i g u r e  7 .4  U n r e i n f o r c e d  CT s p e c i m e n s  a r e  b r o k e n  o p e n  a t
l i q u i d  N2 t e m p e r a t u r e s .  A d i f f e r e n c e  i n  f r a c t u r e  
m o rp h o lo g y  r e v e a l s  t h e  e x t e n t  o f  t h e  c r a c k  
g r o w t h .
c e n t r e l in e  o f p in h o le
Fig 7.5 M easurement o f crack lengths on compact tension specim ens
^  0 . 2 m m
F ig  7 .6  D e r iv a t io n  o f  J q 2 / b l
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Fig 7.7 Single edge notched bend specim en
1 i
F ig  7 .8  D e r iv a t io n  o f  ^
Fig 7.9 Schem atic representation of the fa lling  weght im pact test 
perform ed upon a single edge notchea bend specim en
Fig 7.10 The dynam ic CT specim ens were cut fro m  the plaques w ith  their
notch parallel w ith  the m elt f i l l  direction. This orientation produced  
a crack which advanced perpendicularly to the load direction.
F r a c t o m a t  
F o i l
Fig 7.11 Fractom at fo il bonded to the surface o f a CT specimen.
When the specim en is loaded the crack w ill propagate 
through the specim en and foil. The crack length can 
be m easured electronically in  situ.
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D e f l e c t i o n  ( m m )
In terpretation o f stra in  energy release rate, G, at crack in itia tion
D e f l e c t i o n  ( m m )
Fig 7.12 Interpretation of stra in  energy release rate fo r  a propagating crack
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F i g u r e  7 . 1 6  U n c o u p le d  p u l l e d - o u t  f i b r e s  f rom  a  c h a r p y  i m p a c t  
t e s t  f r a c t u r e  s u r f a c e .  F i b r e s  a r e  p u l l e d - o u t  
c l e a n .
F i g u r e  7 . 1 7  C h a rp y  i m p a c t  t e s t  s p e c i m e n .  C o u p le d  p u l l e d - o u t  
f i b r e s  e x h i b i t  m a t r i x  s h e a t h i n g .
F i g u r e  7 . 1 8  40% r u b b e r  s a m p l e s  e x h i b i t e d  p a t c h y  s h e a t h i n g  o f
p u l l e d - o u t  c o u p l e d  f i b r e s .
J 
(J/
m 
^
2
)
F i g u r e  7 . 1 9  R u b b e r  t o u g h e n s  t h e  m a t r i x  by i n d u c i n g  p l a s t i c  
f l o w  and  o t h e r  e n e r g y  a b s o r b i n g  p r o c e s s e s .
J c  E v a lu a t io n
3 0 %  G l a s s  &  P P  -  3 m m  T h i c k
F i g u r e  7 . 21  The s t r e s s  w h i t e n e d  r e g i o n  o f  CT f r a c t u r e  s u r f a c e  
r e p r e s e n t s  t h e  p r o c e s s  zone  o f  t h e  c r a c k .
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B e s t Fit 2 C  
B e s t  Fit 2D
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J I n te g r a l  E v a l u a t i o n
A H 2 D  ( 9 0 )  S E N B  T e s t
J I n te g r a l  E v a l u a t i o n
A H 2 A  &  A H 2 B  S E N B  T e s t
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J I n te g r a l  E v a lu a t io n
A H 2 C ( 0 )  &  A H 2 C ( 9 0 )  S E N B  T e s t
J I n te g r a l  E v a l u a t i o n
A H 2 D ( 0 )  &  A H 2 D ( 9 0 )  S E N B  T e s t
F i g u r e  7 . 3 7  P l a n a r  b r i t t l e  f r a c t u r e  s u r f a c e  o f  p o l y p r o p y l e n e  
f r a c t u r e d  a t  1 m / s .
F i g u r e  7 . 3 8  R u b b e r  p a r t i c l e s  a r e  p u l l e d - o u t  d u r i n g  a  c h a r p y  
i m p a c t  t e s t  ( 1 m /s )  and  o b s e r v e d  on t h e  f r a c t u r e  
s u r f a c e .
F i g u r e  7 . 3 9  Compact t e n s i o n  J  i n t e g r a l  f r a c t u r e  s u r f a c e  
(1mm/min) .  F i b r e s  a r e  p u l l e d - o u t  c l e a n  and  t h e  
m a t r i x  f r a c t u r e  i s  d u c t i l e .
F i g u r e  7 . 4 0  F i b r e s  p u l l e d - o u t  a t  1mm/min a r e  c l e a n  o f  any  
a d h e r e n t  m a t e r i a l .
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F i g u r e  7 . 41  M a t r i x  f a i l u r e  a t  1mm/min i s  d u c t i l e  s h o w in g  
l a r g e  c o l d  d r a w i n g  an d  p l a s t i c  d e f o r m a t i o n .
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A H 2 C  D y n a m i c  L E F M  - 1  m m / m i n
F o r c e  &  C r a c k  L e n g t h  v s  D e f l e c t i o n
Fig 7.44
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A H 2 C  D y n a m i c  L E F M  - 1  m m / m i n
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A H 2 D  D y n a m i c  L E F M  - 1 m m / m i n
G c  v s  C r a c k  E x t e n s i o n
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A H 2 D  D y n a m i c  L E FM  - 1  m m / m i n
K c  v s  C r a c k  E x t e n s i o n
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K & G  v s  C r a c k  L e n g t h
A H 2 C  0 . 1 7  m / s
6 8  1 0  1 2  
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T h e  c r a c k  m e a s u r i n g  f o i l  f a i l e d  
a f t e r  1 5  m m  c r a c k  g r o w t h .
Fig 7.54
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F i g u r e  7 . 5 8  Dynamic CT a t  1mm/min e x h i b i t s  c l e a n l y  p u l l e d - o u t  
f i b r e s  an d  d u c t i l e  m a t r i x  f a i l u r e .
F i g u r e  7 . 5 9  Dynamic  CT a t  0 . 1 7m/s  ( 1 0200mm/min) .  F r a c t u r e  
s u r f a c e  i s  p r e d o m i n a t e l y  b r i t t l e  w i t h  d u c t i l e  
r u b b e r  c o m p o n e n t s .
F i g u r e  7 . 6 0  Dynamic  CT a t  0 . 1 7 m / s .  R u b b e r  p a r t i c l e s  a r e  
s h e a r e d  f rom  t h e  b r i t t l e  m a t r i x .
F i g u r e  7 . 61  Dynamic CT a t  0 . 1 7 m / s .  P u l l e d - o u t  f i b r e s  e x h i b i t  
p a t c h y  s h e a t h i n g .
F i g u r e  7 . 6 2  Two s p e e d  f r a c t u r e  s u r f a c e  o f  p o l y p r o p y l e n e .
B r i t t l e  t o  t h e  l e f t ,  d u c t i l e  t o  t h e  r i g h t .
F i g u r e  7 . 6 3  Two s p e e d  f r a c t u r e  s u r f a c e  sh o w in g  t h e  d u c t i l e  
( l e f t ) / b r i t t l e  ( r i g h t )  t r a n s i t i o n  o f  a  r u b b e r  
t o u g h e n e d  p o l y p r o p y l e n e .
F i g u r e  7 . 6 4  Two s p e e d  f r a c t u r e  s u r f a c e  o f  a  r u b b e r  t o u g h e n e d ,  
g l a s s  r e i n f o r c e d  p o l y p r o p y l e n e .  B r i t t l e  t o  t h e  
r i g h t ,  d u c t i l e  t o  t h e  l e f t .
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F i g u r e  7 . 6 5  3 - p o i n t  b en d  s p e c i m e n s  w e re  p a r t i a l l y  b r o k e n  o p en  
a t  d i f f e r e n t  s p e e d s  t o  o b s e r v e  c r a c k  o p e n i n g  
p h e n o m e n a .
F i g u r e  7 . 6 6  C r a c k  o p e n i n g  a t  low s t r a i n  r a t e  (1mm /min) .  
U n s h e a t h e d  f i b r e s  b r i d g e  t h e  c r a c k .
F i g u r e  7 . 6 7  C r a c k  o p e n i n g  a t  1m/s c a u s e s  s h e a t h e d  f i b r e s  t o  
b r i d g e  t h e  b r i t t l e  f r a c t u r e  s u r f a c e s .
F i g u r e  7 . 6 8  P u l l e d - o u t  f i b r e s  a l w a y s  show f i b r e  e n d s  c a u s e d  
by b e n d i n g  f a i l u r e s .  F i b r e  e n d s  a r e  u s u a l l y  n o t  
s h e a t h e d .
8. DISCUSSION
The c o u r s e  o f  t h i s  p r o j e c t  h a s  f o l l o w e d  a  n a t u r a l  
p r o g r e s s i o n  f r o m  m a t e r i a l  p r o d u c t i o n ,  t h r o u g h  c h a r a c t e r i s a t i o n ,  
t o  p r e d i c t i v e  m e c h a n i c a l  m o d e l l i n g .  T h i s  c h a p t e r  d r a w s  t o g e t h e r  
r e s u l t s ,  o b s e r v a t i o n s  a n d  d i s c u s s i o n  f r o m  t h e  p r e v i o u s  c h a p t e r s  
i n  a  g e n e r a l  o v e r v i e w  o f  t h e  m a t e r i a l s  m i c r o s t r u c t u r a l  
c h a r a c t e r i s t i c s  an d  p r o p e r t i e s .
8 . 1 •  PRODUCTION OF MATERIALS
D e s p i t e  t h e  c a r e  t a k e n  t o  k e e p  t h e  c o m p o s i t e  c o n s t i t u e n t  
e l e m e n t s  ( p o l y p r o p y l e n e ,  r u b b e r ,  g l a s s ,  c o u p l i n g )  a n d  p r o c e s s i n g  
c o n d i t i o n s  a s  c o n s t a n t  a s  p o s s i b l e ,  t h e r e  was a  s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  n o m i n a l l y  
i d e n t i c a l  g r a d e s  e x t r u d e d  i n  t h e  two c a m p a i g n s . T h e s e  
d i f f e r e n c e s  i n  c o m p o s i t e  p r o p e r t i e s  a r e  b e l i e v e d  t o  b e  d u e  t o  
c h a n g e s  i n  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  m a t r i x  a n d ,  m ore  
s p e c i f i c a l l y  o f  t h e  p o l y p r o p y l e n e  b a s e  p o l y m e r .  P o l y p r o p y l e n e  
u s e d  i n  t h e  f i r s t  c a m p a i g n  {AH1__)  was l e s s  s t i f f  t h a n  t h a t  u s e d  
i n  t h e  s e c o n d  c a m p a i g n  (AH2__), b u t  r e a l i s e d  a  much h i g h e r  s t r a i n -  
t o - y i e l d  a n d  y i e l d  s t r e s s .  The  p o l y p r o p y l e n e  f o r  t h e  two 
c a m p a i g n s  o r i g i n a t e d  f r o m  d i f f e r e n t  b a t c h e s .  T h e s e
c h a r a c t e r i s t i c s  o f  t h e  b a s e  p o l y m e r  w e r e  t h e n  r e p e a t e d  t h r o u g h  
t h e  r e s u l t i n g  c o m p o s i t e  g r a d e s .  The  a d d i t i o n  o f  r u b b e r  t o  t h e  
m a t r i x  com p o u n d ed  t h i s  e f f e c t  d u e  t o  t h e  m a n n e r  i n  w h i c h  t h e  
r u b b e r  a l t e r s  t h e  m a t r i x  p r o p e r t i e s  a n d  t h e  f i b r e / m a t r i x
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i n t e r f a c e  p r o p e r t i e s .  T h e s e  p r o p e r t i e s  w i l l  b e  d i s c u s s e d  i n  t h e  
n e x t  s e c t i o n .
8 . 2 .  CONSTITUENT PROPERTIES
8 . 2 . 1 .  R u b b e r  M o d i f i c a t i o n
R u b b e r  p a r t i c l e s  w e r e  f o u n d  t o  b e  d i s t r i b u t e d  u n i f o r m l y  a s  
a  s e p a r a t e  p h a s e  w i t h i n  t h e  p o l y p r o p y l e n e  m a t r i x .  I n  a l l  g r a d e s  
t h e  p a r t i c l e s  w e r e  o v a l  i n  s h a p e ,  e x t e n d e d  i n  t h e  m e l t  f i l l  
d i r e c t i o n ,  a n d  a p p r o x i m a t e l y  1 t o  3 m i c r o n s  i n  d i a m e t e r .  The 
r u b b e r  p a r t i c l e s  w e r e  p u l l e d  o u t  o f  t h e  m a t r i x  a t  h i g h  s t r a i n  
r a t e s  a n d / o r  lo w  t e m p e r a t u r e s ,  f i g u r e  7 . 3 8 ,  d e m o n s t r a t i n g  t h a t  
t h e r e  was o n l y  l i m i t e d  b o n d i n g  b e t w e e n  t h e  r u b b e r  a n d  t h e  
p o l y p r o p y l e n e . The c o u p l i n g  a g e n t  d i d  n o t  a p p e a r  t o  p r o m o t e  
b o n d i n g  b e t w e e n  t h e  r u b b e r  a n d  t h e  f i b r e .  T h i s  e f f e c t  b e co m e s  
p a r t i c u l a r l y  s i g n i f i c a n t  a s  a  d i s p r o p o r t i o n a t e  r e d u c t i o n  i n  t h e  
m e c h a n i c a l  p r o p e r t i e s  a n d  f r a c t u r e  t o u g h n e s s  o f  c o m p o s i t e  g r a d e s  
i n  w h i c h  t h e  r u b b e r  c o n t e n t  b e co m e s  a  h i g h  p r o p o r t i o n  o f  t h e  
t o t a l  m a t r i x ,  s e c t i o n  7 . 5 . 8 .
The  a d d i t i o n  o f  r u b b e r  t o  t h e  m a t r i x  h a s  tw o  m a i n  e f f e c t s :  
i t  a l t e r s  t h e  l o a d  r e s p o n s e  o f  t h e  b a s e  p o l y m e r ,  a n d  i t  a f f e c t s  
t h e  p r o p e r t i e s  o f  t h e  f i b r e / m a t r i x  i n t e r f a c e  i n  t h e  f i b r e  f i l l e d  
g r a d e s .  F o r t u n a t e l y ,  a t  l e a s t  f r o m  a  m o d e l l i n g  v i e w p o i n t ,  i t  
a p p e a r s  t h a t  b o t h  p r o p e r t i e s  a r e  a f f e c t e d  i n  a  s i m i l a r  m a n n e r .
A s m a l l  a d d i t i o n  o f  r u b b e r  t o  t h e  p o l y p r o p y l e n e  r e d u c e s  t h e  
m a t r i x  s t i f f n e s s  a p p r e c i a b l y .  S u b s e q u e n t  e q u i v a l e n t  a d d i t i o n s  
o f  r u b b e r  d e c r e a s e  t h e  s t i f f n e s s  o f  t h e  m a t r i x  f u r t h e r ,  b u t  t o
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a  r e d u c e d  e x t e n t .  The  c l a s s i c a l  r u l e - o f - m i x t u r e s  p a r t i c u l a t e  
m o d e l  d o e s  n o t  p r e d i c t  t h e  o b s e r v e d  r e d u c t i o n  i n  m a t r i x  s t i f f n e s s  
a c c u r a t e l y .  I t  h a s  b e e n  shown i n  c h a p t e r  6  t h a t  a n  e m p i r i c a l  
p o w e r  l a w  f i t  i s  m ore  a p p r o p r i a t e :
om = a p . ( 1 - F r )x ( 6 . 7 )
w h e r e ;
om i s  t h e  s t r e s s  i n  t h e  m a t r i x  a t  an y  s p e c i f i c  s t r a i n  s m',
ap  i s  t h e  s t r e s s  i n  t h e  p o l y p r o p y l e n e  a t  s t r a i n  s m;
Fr  i s  t h e  v o lu m e  f r a c t i o n  o f  r u b b e r  i n  t h e  m a t r i x ;
a n d  x  i s  a  c o n s t a n t  e x p o n e n t  w h i c h  d e s c r i b e s  t h e  r a t e  a t
w h i c h  t h e  r u b b e r  s o f t e n s  t h e  m a t r i x .  The c o n s t a n t  i s  f o u n d  t o  
b e  0 . 6 9  f o r  t h e  AH2_ g r a d e  m a t e r i a l s  a n d  0 . 5 6  f o r  t h e  AH1__ g r a d e  
m a t e r i a l s .  T h i s  m o d e l  d e s c r i b e s  t h e  o b s e r v e d  m e c h a n i c a l  
p r o p e r t i e s  o f  t h e  r u b b e r  m o d i f i e d  p o l y p r o p y l e n e  g r a d e s  w e l l ,  
f i g u r e  6 . 2 .
The  e f f e c t  o f  t h e  r u b b e r  on  t h e  f i b r e / m a t r i x  i n t e r f a c e  w i l l  
b e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n .
8 . 2 . 2 .  I n t e r f a c i a l  P r o p e r t i e s
A n u m b e r  o f  a t t e m p t s  t o  m e a s u r e  t h e  f i b r e / m a t r i x  i n t e r f a c i a l  
s h e a r  s t r e n g t h  w e r e  m ade .  U n f o r t u n a t e l y ,  t o  c r e a t e  a  t e s t  
s p e c i m e n  w i t h  a  f i b r e / m a t r i x  i n t e r f a c e  i d e n t i c a l  t o  t h a t  o f  a n  
i n j e c t i o n  m o u ld e d  c o m p o n e n t  p r o v e d  i m p o s s i b l e  w i t h  t h e  e q u i p m e n t  
a v a i l a b l e .  The  s p e c i m e n s  w h i c h  w e r e  p r o d u c e d  sh o w e d ,  i n  a  
q u a l i t a t i v e  m a n n e r ,  t h a t  t h e  i n t e r f a c i a l  s h e a r  s t r e n g t h  was  
e n h a n c e d  g r e a t l y  by  t h e  a d d i t i o n  o f  a  s m a l l  q u a n t i t y  o f  t h e
228
c o u p l i n g  a g e n t ,  b u t  w e a k e n e d  s u b s t a n t i a l l y  by s m a l l  a d d i t i o n s  o f  
r u b b e r .  The i n t e r f a c i a l  s h e a r  s t r e n g t h s  w h i c h  w e r e  e v a l u a t e d ,  
c h a p t e r  5 ,  a r e  l o w e r  t h a n  t h o s e  p r o p o s e d  by o t h e r  w o r k e r s 1 , 2 , 3 . 
A l s o ,  when t h e s e  v a l u e s  w e r e  i n c o r p o r a t e d  i n t o  r e c o g n i s e d  m o d e l s  
t h e  r e s u l t i n g  p r e d i c t i o n s  u n d e r e s t i m a t e d  a c t u a l  m a t e r i a l  
p r o p e r t i e s .  I t  was  f o r  t h e s e  r e a s o n s  t h a t  t h e  maximum 
i n t e r f a c i a l  s h e a r  s t r e n g t h  o f  t h e  i n t e r f a c e  was e s t i m a t e d  a s  
b e i n g  l a r g e r ,  by  a  c o n s t a n t  p r o p o r t i o n ,  t h a n  t h e  m e a s u r e d  v a l u e s .  
I n  a  s i m i l a r  way t o  t h a t  i n  w h i c h  the^ r u b b e r  d e c r e a s e s  t h e  
s t r e n g t h  o f  t h e  m a t r i x ,  t h e  i n t e r f a c i a l  s h e a r  s t r e n g t h  m i g h t  b e  
e x p e c t e d  t o  b e  e q u a l l y  a f f e c t e d .  T h i s  was  shown t o  b e  t h e  c a s e  
i n  t h e  m e a s u r e d  i n t e r f a c i a l  s h e a r  s t r e n g t h s ,  c h a p t e r  5 , a n d  
c o m p o s i t e  s t r e s s / s t r a i n  p r e d i c t i o n s ,  c h a p t e r  6 . I t  i s  p r o p o s e d  
t h a t  r u b b e r  d e c r e a s e s  t h e  i n t e r f a c i a l  s h e a r  s t r e n g t h  i n  a  p o w e r  
l a w  m a n n e r ,  u s i n g  a n  i d e n t i c a l  e x p o n e n t ,  x ,  t o  t h a t  f o u n d  f o r  t h e  
m a t r i x  s t i f f n e s s :
x Mmax = x PPmax * I  ^“ E r )  X ( 8 . 1 )
w h e r e :
TMmax x s  blle f i b r e / m a t r i x  i n t e r f a c i a l  s h e a r  s t r e n g t h ;
TPPmax x s  t h e  f i b r e / p o l y p r o p y l e n e  i n t e r f a c i a l  s h e a r  
s t r e n g t h .
I t  i s  p r o p o s e d  t h a t  f o r  t h e r m o p l a s t i c  c o m p o s i t e s ,  w h e r e  
p l a s t i c i t y  i n  t h e  m a t r i x  i s  e x t e n s i v e ,  t h e  i n t e r f a c i a l  s h e a r  
s t r e s s  c h a n g e s  w i t h  s t r a i n .  The r e l a t i o n s h i p  c a n  b e  m o d e l l e d  
t h r o u g h  a  p o w e r  l a w  f i t  b a s e d  on  t h e  p o l y p r o p y l e n e  r e s p o n s e ,  an d  
l i m i t e d  t o  t h e  maximum s h e a r  s t r e n g t h  o f  t h e  i n t e r f a c e .  T h i s
229
p r o p o s a l  i s  a  c o m p r o m is e  b e t w e e n  t h e  m o d e l s  o f  M i t t a l  a n d  G u p t a 1, 
a n d  B a d e r  a n d  B o w y er4 . The  f o r m e r  s u g g e s t  a  l i n e a r  r e l a t i o n s h i p  
b e t w e e n  t h e  c o m p o s i t e  ( b a s e  p o l y m e r )  s t r e s s  a n d  t h e  f i b r e / m a t r i x  
i n t e r f a c i a l  s h e a r  s t r e s s ;  t h e  l a t t e r ,  a  c o n s t a n t  i n t e r f a c i a l  
s h e a r  s t r e s s .
The  p r o p o s e d  r e l a t i o n s h i p  i s :
~ ^max* ( ^ P p /^ P P y ^  ( 6 . 2 1 )
w h e r e :
y  i s  f o u n d  t o  b e  0 . 3 5  by  d a t a  a n a l y s i s ;  
crpp i s  t h e  s t r e s s  i n  t h e  p o l y p r o p y l e n e  b a s e  p o l y m e r  a t  an y  
c o m p o s i t e  s t r a i n ,  s c ; 
aPPy d s  s t r e s s  i n  t h e  c o m p o s i t e  a t  m a t r i x  y i e l d .
E q u a t i o n s  ( 6 . 2 1 )  a n d  ( 8 . 1 )  a r e  c o m b in e d  t o  d e v e l o p  a  r e l a t i o n s h i p  
e x p r e s s i n g  t h e  f i b r e / m a t r i x  i n t e r f a c i a l  s h e a r  s t r e s s  a t  an y  
s t r a i n  i n  a  r u b b e r  t o u g h e n e d  p o l y p r o p y l e n e :
x  = T p p ^ x • ( ^ p p /^ p p y ) ^ * (1 —Er ^ X ( 6 . 2 2 )
E q u a t i o n  ( 6 . 2 2 )  i s  f u n d a m e n t a l  t o  t h e  c a l c u l a t i o n  o f  t h e  l o a d
c a r r i e d  by a n y  f i b r e ,  a t  a n y  s t r a i n ,  em bedded  i n  a  r u b b e r
m o d i f i e d  p o l y p r o p y l e n e  m a t r i x .  The c r i t i c a l  f i b r e  l e n g t h  c a n  b e  
c a l c u l a t e d  a t  a n y  s t r a i n  f r o m 5 :
l c = raf/x (6 .8)
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a n d  s u b s e q u e n t l y  t h e  c o n t r i b u t i o n  t o  t h e  c o m p o s i t e  s t i f f n e s s  f r o m  
s u b c r i t i c a l  a n d  s u p e r c r i t i c a l  f i b r e s  c a n  b e  d e t e r m i n e d :  .
x  = 2  ( s u b c r i t i c a l ) ' c d i ^ i / 2 r f  ( 6 . 1 8 )
Y = 2 ( s u p e r c r i t i c a l ) E f e c ^  ■"lE f e c r f / 2 1 i * c }  ) V j  ( 6 . 1 9 )
8 * 2 . 3 .  F i b r e  R e i n f o r c e m e n t
A p a r t  f r o m  t h e  i n t e r f a c i a l  c h a r a c t e r i s t i c s ,  two o t h e r  
f a c t o r s  c o n t r i b u t e  t o  t h e  r e i n f o r c i n g  e f f i c i e n c y  o f  t h e  f i b r e s :  
n a m e l y  t h e  f i b r e  l e n g t h ,  a n d  o r i e n t a t i o n  d i s t r i b u t i o n s .  B o t h  o f  
t h e s e  p a r a m e t e r s  h a v e  b e e n  m e a s u r e d  f o r  a  r a n g e  o f  g r a d e s ,  u s i n g  
a u t o m a t e d  im a g e  a n a l y s i s  t e c h n i q u e s ,  c h a p t e r  4 .
The  f i b r e  l e n g t h  m e a s u r e m e n t s  e x h i b i t  l o g - n o r m a l  
d i s t r i b u t i o n s .  F i b r e  l e n g t h s  v a r y  f r o m  f i b r e  f r a g m e n t s  o f  l e s s  
t h a n  14 m i c r o n s  ( f i b r e s  o f  l e n g t h  s h o r t e r  t h a n  t h e  f i b r e  
d i a m e t e r )  t o  f i b r e s  a p p r o a c h i n g  t h e  d i m e n s i o n s  o f  t h e  e x t r u d e d  
g r a n u l e ,  a l t h o u g h  t h e s e  w e r e  e x c e p t i o n a l l y  r a r e .  As t h e  l e v e l  
o f  f i b r e  r e i n f o r c e m e n t  was i n c r e a s e d ,  t h e  f i b r e  l e n g t h  
d i s t r i b u t i o n  n a r r o w e d  a n d  t h e  a v e r a g e  f i b r e  l e n g t h  b e cam e  l e s s .  
I t  i s  e n v i s a g e d  t h a t  i n c r e a s i n g  t h e  f i b r e  l o a d i n g  w i t h i n  t h e  
e x t r u d e r  i n c r e a s e s  t h e  s h e a r  r a t e  a n d  t h e  p r o b a b i l i t y  o f  
f i b r e / f i b r e  i n t e r a c t i o n s .  T h i s  r e s u l t s  i n  i n c r e a s e d  f i b r e  
a t t r i t i o n  a n d  h e n c e  a  s h o r t e r  a v e r a g e  f i b r e  l e n g t h .
On c l o s e r  i n s p e c t i o n  t h e  b r o k e n  f i b r e  e n d s  w e r e  o b s e r v e d  t o  
e x h i b i t  t h e  thumb n a i l  f r a c t u r e  s u r f a c e  t y p i c a l  o f  a  h i g h
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c u r v a t u r e  b e n d i n g  f a i l u r e  -  a  p r o c e s s  c o n s i s t e n t  w i t h  f i b r e  
a t t r i t i o n  i n  e x t r u d e r  c o m p o u n d i n g .  The s h o r t  f i b r e  f r a g m e n t s  
w e r e  f o u n d  t o  b e  g l a s s  s h a r d s  c r e a t e d  a t  t h e  f r a c t u r e  f a c e  d u r i n g  
t h e s e  b e n d i n g  f a i l u r e s .
F i b r e  l e n g t h  d i s t r i b u t i o n s  w e r e  e v a l u a t e d  f r o m  e x t r u d e d  
g r a n u l e s  a s  w e l l  a s  t h e  f i n a l  m o u ld e d  c o m p o n e n t s .  T h e r e  was s e e n  
t o  b e  o n l y  a  s m a l l  d i f f e r e n c e  i n  t h e  FLD f r o m  t h e  two s a m p l e s ,  
i m p l y i n g  t h a t  t h e  m a j o r i t y  o f  t h e  f i b r e  a t t r i t i o n  o c c u r s  d u r i n g  
c o m p o u n d i n g .
F i b r e  o r i e n t a t i o n  d i s t r i b u t i o n s  w e r e  e v a l u a t e d  f o r  a  r a n g e  
o f  f i b r e  r e i n f o r c e d  g r a d e s .  T h r o u g h  b o t h  t h e  t h i c k n e s s  a n d  t h e  
b r e a d t h ,  t h e  s a m p l e s  w e r e  e n v i s a g e d  a s  b e i n g  c o m p r i s e d  o f  t h r e e  
s y m m e t r i c  l a y e r s .  A d j a c e n t  t o  t h e  s u r f a c e  o f  t h e  m o u l d ,  a  l a y e r  
o f  f a i r l y  r a n d o m l y  o r i e n t e d  f i b r e s  f o r m e d ,  c r e a t e d  by  t u r b u l e n t  
f l o w  o f  t h e  m e l t  f r o n t  f r e e z i n g  on  c o n t a c t  w i t h  t h e  c h i l l e d  m o u ld  
w a l l .  T h i s  o u t e r  s h e l l  o f  m a t e r i a l  i s  l e s s  t h a n  o n e  t e n t h  o f  a  
m i l l i m e t r e  t h i c k .  W i t h i n  t h i s  s h e l l  l i e s  a  t h i c k e r  c o n c e n t r i c  
l a y e r  o f  f i b r e s  o r i e n t e d  i n  t h e  m e l t  f i l l  d i r e c t i o n .  The c o r e  
o f  t h e  c o m p o s i t e  i s  made up  o f  f i b r e s  o r i e n t e d  away f r o m  t h e  m e l t  
f i l l  d i r e c t i o n  a n d  t o w a r d s  t h e  p e r p e n d i c u l a r .  The  r e l a t i v e  
t h i c k n e s s e s  o f  t h e s e  l a y e r s  d e p e n d s  on  t h e  c o n s t r a i n i n g  f o r c e s  
a n d  p r o x i m i t y  o f  t h e  s u r f a c e s  o f  t h e  m o u ld .  T h r o u g h  t h e  
t h i c k n e s s  o f  t h e  s a m p l e ,  t h e  v a s t  p r o p o r t i o n  o f  t h e  s e c t i o n  i s  
d o m i n a t e d  w i t h  f i b r e s  w e l l  a l i g n e d  t o  t h e  m e l t  f i l l  d i r e c t i o n .  
A c r o s s  t h e  c e n t r a l  b r e a d t h  o f  t h e  s a m p l e  t h e  c o r e  d o m i n a t e s  w i t h  
f i b r e s  o r i e n t e d  away f r o m  t h e  m e l t  f l o w  d i r e c t i o n .  T r a v e l l i n g
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away f r o m  t h e  c e n t r a l  c o r e  t h r o u g h  t h e  t h i c k n e s s  o f  t h e  s p e c i m e n ,  
t h e  p r o p o r t i o n  o f  o f f - a x i s  f i b r e s  d e c r e a s e s .
The  K r e n c h e l 6 o r i e n t a t i o n  f a c t o r  was  e v a l u a t e d  f o r  t h e  
c e n t r a l  t h r o u g h  t h i c k n e s s  s e c t i o n  ( t h e  s i g n i f i c a n t  t h i c k n e s s  
s e c t i o n  w i t h  t h e  g r e a t e s t  p r o p o r t i o n  o f  o f f - a x i s  f i b r e s ) .  T h i s  
was  c a l c u l a t e d  a s  b e i n g  0 . 9 ,  i m p l y i n g  t h a t  t h e  m a j o r i t y  o f  f i b r e s  
w e r e  o r i e n t e d  i n  j u s t  o n e  p l a n e  a c r o s s  t h e  b r e a d t h  o f  t h e  s a m p l e .  
The  c o m p o s i t e  was t h u s  t r e a t e d  a s  a  l a m i n a t e  made up  o f  l a y e r s  
c o n t a i n i n g  f i b r e s  o r i e n t e d  i n  j u s t  2 - d i m e n s i o n s .  The  r e l a t i v e  
t h i c k n e s s  a n d  a v e r a g e  K r e n c h e l  o r i e n t a t i o n  f a c t o r  was  e v a l u a t e d  
f o r  e a c h  o f  t h e  l a y e r s  a n d  c o m b i n e d  t o  c r e a t e  a n  o r i e n t a t i o n  
f a c t o r  f o r  t h e  c o m p o s i t e  a s  a  w h o l e .
I n c r e a s i n g  t h e  v o lu m e  f r a c t i o n  o f  g l a s s  i n c r e a s e s  t h e  d e g r e e  
o f  m i s o r i e n t a t i o n  w i t h i n  t h e  c o m p o s i t e .  T h i s  i s  b e c a u s e  
a d j u s t i n g  t h e  v o lu m e  f r a c t i o n  o f  g l a s s  i n  t h e  m e l t  w i l l  a l t e r  i t s  
f l o w ,  v i s c o s i t y  a n d  s h e a r  p r o p e r t i e s  a n d  h e n c e  a f f e c t s  t h e  f i n a l  
o r i e n t a t i o n  d i s t r i b u t i o n .
8 . 3 .  COMPOSITE PROPERTIES
8 . 3 . 1 .  T e n s i l e  P r o p e r t i e s
C o m p o s i t e  s t i f f n e s s  i n c r e a s e s  w i t h  t h e  a d d i t i o n  o f  g l a s s  a n d  
d e c r e a s e s  w i t h  t h e  a d d i t i o n  o f  r u b b e r .  The m o d e l  d e v e l o p e d  by 
B a d e r  a n d  B o w y er 4  c a n  b e  m o d i f i e d  i n  t h e  m a n n e r  s u m m a r i s e d  a b o v e ,  
t o  a c c o u n t  f o r  a  r u b b e r  m o d i f i e d  m a t r i x ,  a n d  a  f i b r e / m a t r i x  
i n t e r f a c i a l  s h e a r  s t r e s s  a f f e c t e d  by  c o m p o s i t e  s t r a i n  a n d  r u b b e r  
c o n t e n t .
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P r e d i c t i n g  c o m p o s i t e  s t r e n g t h  i s  m ore  d i f f i c u l t  d u e  t o  t h e  
c o m p l e x  n a t u r e  o f  y i e l d  i n i t i a t i o n .  The m o d i f i e d  r u l e - o f -  
m i x t u r e s  o v e r e s t i m a t e s  t h e  y i e l d  s t r e n g t h s  o f  a l l  t h e  f i b r e  
r e i n f o r c e d  c o m p o s i t e  g r a d e s .  C o u p l e d  g r a d e s  e x h i b i t  t h e  b e s t  
a g r e e m e n t ,  b u t  t h e  s t r e n g t h s  o f  t h e  u n c o u p l e d  g r a d e  a r e  
o v e r e s t i m a t e d  s i g n i f i c a n t l y .  The  m o d e l  d o e s  n o t  a l l o w  f o r  t h e  
p r e m a t u r e  m a t r i x  y i e l d  i n i t i a t e d  by  t h e  f i b r e s . Y i e l d  i s  
i n i t i a t e d  f r o m  c r a c k s  d e v e l o p e d  a t  f i b r e  e n d s ,  p a r t i c u l a r l y  when 
t h e  f i b r e  e n d  d e b o n d s  f r o m  t h e  m a t r i x  i n d u c i n g  a  h i g h  l o c a l i s e d  
s t r e s s  i n  t h a t  r e g i o n .  I n  a l l  f i b r e  f i l l e d  g r a d e s ,  t h e  f i b r e  
f r a g m e n t a t i o n  t e s t  show ed  t h a t  f i b r e s  p a r t i a l l y  d e b o n d  a t  s t r a i n s  
w e l l  b e f o r e  t h e  s t r a i n - t o - y i e l d  o f  t h e  m a t r i x .  H o w ev e r ,  t h e  
s t r a i n s  a t  w h i c h  t h e  c o u p l e d  f i b r e s  ( c h e m i c a l l y  b o n d e d  t o  t h e  
m a t r i x )  d e b o n d  f r o m  t h e  m a t r i x  a r e  w e l l  i n  e x c e s s  o f  t h o s e  a t  
w h i c h  t h e  u n c o u p l e d  ( f r i c t i o n a l l y  b o n d e d )  f i b r e s  d e b o n d .  T h i s  
a c c o u n t s  f o r  t h e  l a r g e  r e d u c t i o n  i n  t h e  s t r a i n - t o - y i e l d  o f  t h e  
u n c o u p l e d  g r a d e s  when c o m p a r e d  w i t h  t h e  c o u p l e d  g r a d e s ,  a n d  t h e  
d i f f e r e n c e s  b e t w e e n  t h e  p r e d i c t e d  a n d  a c t u a l  y i e l d  s t r e n g t h s .
8 . 3 . 2 .  T o u g h n e s s
The  q u a n t i t a t i v e  e v a l u a t i o n  o f  t o u g h n e s s  o f  a  s h o r t  f i b r e  
r e i n f o r c e d  t h e r m o p l a s t i c  h a s  p r o v e n  t o  b e  h i g h l y  c o m p l e x .  N o t  
o n l y  i s  i t  d i f f i c u l t  t o  s e l e c t  a n  a p p r o p r i a t e  f r a c t u r e  m e c h a n i c s  
p a r a m e t e r ,  b u t ,  d u e  t o  t h e  n a t u r e  o f  t h e  damage  z o n e  a h e a d  o f  t h e  
c r a c k  t i p ,  i t  i s  v e r y  d i f f i c u l t  t o  e v a l u a t e  t h e  c r a c k  l e n g t h  
a n d / o r  i n i t i a t i o n  p o i n t .  The  e f f e c t  o f  s t r a i n  r a t e  on  f r a c t u r e  
m o r p h o l o g y  m akes  t h e  s i t u a t i o n  e v e n  m ore  c o m p l e x .
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Two m a in  a p p r o a c h e s  w e r e  u s e d  t o  e v a l u a t e  f r a c t u r e  m e c h a n i c s  
p a r a m e t e r s  o f  t h e  c o u p l e d  c o m p o s i t e  g r a d e s ,  n a m e l y  l i n e a r  e l a s t i c  
f r a c t u r e  m e c h a n i c s  a n d  J  i n t e g r a l  e l a s t i c / p l a s t i c  f r a c t u r e  
m e c h a n i c s .
L i n e a r  E l a s t i c  F r a c t u r e  M e c h a n i c s  h a s  l i m i t e d  a p p l i c a b i l i t y  
t o  SFRTP m a t e r i a l s .  E x t e n s i v e  p l a s t i c i t y  a t  t h e  c r a c k  t i p  i s  n o t  
a c c o u n t e d  f o r .  The  a p p l i c a b i l i t y  o f  t h e  t e s t  t o  a n  a d v a n c i n g  
c r a c k  t i p  i m p i n g i n g  u p o n  b r i t t l e  f i b r e s  w i t h i n  t h e  d u c t i l e  m a t r i x  
i s ,  a s  y e t ,  n o t  f u l l y  u n d e r s t o o d .  H ow ever ,  w i t h i n  t h e s e  
l i m i t a t i o n s ,  q u a n t i t a t i v e  t e s t i n g  was p e r f o r m e d  on  a  r a n g e  o f  
s p e c i m e n  g e o m e t r i e s  (Dynam ic  CT, IFWIT SENB) a t  room t e m p e r a t u r e .  
The  v a l u e s  o b t a i n e d  f o r  LEFM p a r a m e t e r s  w e r e  s t r a i n  r a t e  
d e p e n d e n t .  T e s t i n g  s t r a i n  r a t e s  r a n g e d  f ro m  1mm/min t o  1 m / s .  
More s p e c i f i c a l l y ,  t h e  f r a c t u r e  s u r f a c e s  o f  t h e  f a i l e d  t e s t  
s p e c i m e n s  e x h i b i t e d  a  r a d i c a l  c h a n g e  i n  f r a c t u r e  m o r p h o l o g y  a t  
t h e  e x t r e m e s  o f  s t r a i n  r a t e  o f  t h e  t e s t s .
The  d y n a m ic  CT s p e c i m e n s  w i t h  t h e  f r a c t o m e t e r  f o i l  a t t a c h e d  
i n d i c a t e d  t h a t  t h e  c r a c k  i n i t i a t e d  b e f o r e  p e a k  l o a d .  Kl c  a n d  Glc  
w e r e  e v a l u a t e d  a t  c r a c k  i n i t i a t i o n  ( I n i t '  ) a n d  a t  p e a k  l o a d  w h e r e  
c r a c k  l e n g t h s  w e r e  a p p r o x i m a t e l y  1 0  t o  15mm b e y o n d  t h e  o r i g i n a l  
r a z o r  n o t c h .  A t  t h e s e  c r a c k  l e n g t h s ,  c o n d i t i o n s  a p p r o x i m a t i n g  
s t a b l e  c r a c k  g r o w t h  w e r e  a c h i e v e d .  The  IFWIT r e s u l t s  f r o m  SENB 
t e s t  s p e c i m e n s  w e r e  c a l c u l a t e d  a t  p e a k  l o a d  o n l y .
E l a s t i c / p l a s t i c  f r a c t u r e  m e c h a n i c s  t e s t s  a r e  m ore  a p p l i c a b l e  
t o  t h i s  r a n g e  o f  c o m p o s i t e  m a t e r i a l s  b e c a u s e  t h e  p r e s e n c e  o f  
p l a s t i c i t y  a t  t h e  c r a c k  t i p  i s  r e c o g n i s e d .  The  m a j o r  p r o b l e m  
e n c o u n t e r e d  w i t h  t h e  J  i n t e g r a l  e v a l u a t i o n  i s  t h e  a c c u r a t e  
m e a s u r e m e n t  o f  t h e  c r a c k  t i p  a d v a n c e .  T h i s  p r o b l e m  h a s  b e e n
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o v e r c o m e  by  m e a s u r i n g  t h e  c r a c k  a d v a n c e  ' i n  s i t u '  u s i n g  a  
s p e c i m e n  s e c t i o n i n g  t e c h n i q u e ,  s e c t i o n  7 . 2 . 3 c .  T e s t s  w e r e  
p e r f o r m e d  a t  room t e m p e r a t u r e  a t  a  s t r a i n  r a t e  o f  1mm/min. The 
J  i n t e g r a l  v a l u e s  w e r e  e x t r a p o l a t e d  f ro m  a  p o w e r  l a w  f i t  a n d  
p r o d u c e d  a n  e l a s t i c - p l a s t i c  v a l u e  o f  f r a c t u r e  t o u g h n e s s  a t  c r a c k  
i n i t i a t i o n .
R e s u l t s  f r o m  t h e  tw o  f r a c t u r e  m e c h a n i c s  a p p r o a c h e s  w e r e  
c o m p a r e d  a n d  r e l a t e d  t o  t h e  o b s e r v e d  f r a c t u r e  s u r f a c e  m o r p h o l o g y .
T a b l e  7 . 7  i n d i c a t e s  t h a t  t h e  a d d i t i o n  o f  r u b b e r  t o  t h e  
m a t r i x ,  i n c r e a s e s  c o n s i s t e n t l y  t h e  t o u g h n e s s  o f  t h e  m a t e r i a l  a t  
i m p a c t  s p e e d s . E n e r g y  a b s o r b i n g  p r o c e s s e s  o c c u r r i n g  d u r i n g  
l o a d i n g  o f  d u c t i l e  p o l y m e r s  a t  t e m p e r a t u r e s  a t  a n d  a b o v e  t h e  Tg 
o f  t h e  m a t r i x  c o m p o n e n t s  a r e  s h e a r  f l o w  a n d  c r a z e  f o r m a t i o n .
S u ch  m e c h a n i s m s  w o u ld  h e l p  t o  a c c o u n t  f o r  t h e  i n c r e a s e d  
t o u g h n e s s  o f  r u b b e r  m o d i f i e d  g r a d e s  a t  i m p a c t  s t r a i n  r a t e s .  A t  
t h e  l o w e r  s t r a i n i n g  r a t e s  t h e  a d d i t i o n  o f  r u b b e r  d e c r e a s e s  t h e  
f r a c t u r e  t o u g h n e s s  o f  f i b r e  f i l l e d  g r a d e s .  The r e d u c t i o n  i n  t h e  
m o d u lu s  a n d  f i b r e / m a t r i x  s h e a r  s t r e n g t h  o f  t h e  m a t r i x  c a u s e d  by  
t h e  r u b b e r  r e d u c e s  t h e  r e i n f o r c i n g  a b i l i t y  o f  t h e  f i b r e s  a n d  
t h e i r  a s s o c i a t e d  p u l l - o u t  e n e r g y .  The  e l a s t i c - p l a s t i c  f r a c t u r e  
m e c h a n i c s  a n d  h i g h  s t r a i n  r a t e  LEFM t e s t i n g  show o p p o s i t e  t r e n d s .  
The e l a s t i c - p l a s t i c  r e s u l t s  s u g g e s t  t h a t  t h e  a d d i t i o n  o f  g l a s s  
f i b r e s  t o  t h e  m a t r i x  r e d u c e s  t h e  e n e r g y  r e q u i r e d  t o  i n i t i a t e  
f r a c t u r e  b e c a u s e  t h e y  a c t  a s  s t r e s s  c o n c e n t r a t o r s .  A t  t h e  h i g h e r  
s t r a i n  r a t e  o f  t h e  IFWIT t h i s  e f f e c t  i s  r e v e r s e d ,  i m p l y i n g  t h a t  
t h e  f i b r e s  t o u g h e n  t h e  m a t e r i a l  by  i n c r e a s i n g  t h e  e n e r g y  r e q u i r e d  
t o  i n i t i a t e  a n d  p r o p a g a t e  f r a c t u r e .
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When f r a c t u r e  s u r f a c e s  w e r e  o b s e r v e d  i n  SEM, a  c l e a r  
d i f f e r e n c e  i n  f r a c t u r e  m o r p h o l o g y  a s  a  f u n c t i o n  o f  s t r a i n  r a t e  
c o u l d  b e  s e e n .  T h i s  m a n i f e s t e d  i t s e l f  a s  a  c h a n g e  i n  t h e  modes 
o f  t h e  m a t r i x  f a i l u r e  a n d  f i b r e  p u l l - o u t .  A t  low  s t r a i n  r a t e s  
t h e  m a t r i x  f r a c t u r e  s u r f a c e  e x h i b i t s  l a r g e  s h e a r  a n d  p l a s t i c  
d e f o r m a t i o n ,  f i g u r e  7 . 4 1 .  U n d e r  i m p a c t  c o n d i t i o n s  t h e  f r a c t u r e  
s u r f a c e  i s  p l a n a r  i n  n a t u r e ,  f i g u r e  7 . 3 7 .  T h e r e  i s  l i t t l e  o r  no 
p l a s t i c  d e f o r m a t i o n .  R u b b e r  p a r t i c l e s  a r e  p u l l e d - o u t  o f  t h e  
m a t r i x  a n d  c a n  b e  s e e n  c l e a r l y  i n  f i g u r e  7 . 3 8  a s  s p h e r e s  
p r o t r u d i n g  f r o m  t h e  f r a c t u r e  s u r f a c e s .  Such  p o l y m e r i c  m a t e r i a l s  
a r e  v i s c o e l a s t i c  s o l i d s .  T h e i r  p r o p e n s i t y  t o  a n e l a s t i c  a n d  
p l a s t i c  d e f o r m a t i o n  i s  r e d u c e d  when t h e y  a r e  t e s t e d  a t  h i g h  
s t r a i n  r a t e s  a n d / o r  a t  lo w  t e m p e r a t u r e s .  T h i s  r e d u c e d  
d e f o r m a b i l i t y  c a u s e s  a  f o r m e r l y  t o u g h  p o l y m e r  t o  r e s p o n d  i n  a  
b r i t t l e  m a n n e r .  I t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e  t o u g h e n i n g  
e f f e c t  o f  t h e  r u b b e r  i n  t h e  m a t r i x  w i l l  b e  g r e a t e r  a t  lo w  s t r a i n  
r a t e s .
A t  low  s t r a i n  r a t e s  t h e  s u r f a c e s  o f  p u l l e d - o u t  f i b r e s  w e r e  
c l e a n  o f  a n y  a d d i t i o n a l  m a t e r i a l ,  f i g u r e  7 . 3 9 .  The  s u r f a c e s  o f  
p u l l e d - o u t  f i b r e s  a t  h i g h e r  s t r a i n  r a t e s  e x h i b i t e d  a  s h e a t h  o f  
a d h e r e n t  m a t r i x  m a t e r i a l ,  f i g u r e  7 . 1 7 .  B a i l e y  a n d  B a d e r 7 
o b s e r v e d  a  s i m i l a r  p r o c e s s  w i t h  s h o r t  g l a s s  f i b r e  r e i n f o r c e d  
n y l o n  a n d  s u g g e s t e d  t h a t  t h e  c o h e s i v e  f a i l u r e  o f  t h e  s h e a t h e d  
f i b r e  a b s o r b e d  f a r  m ore  e n e r g y  t h a n  t h e  a d h e s i v e  f a i l u r e  o f  t h e  
u n s h e a t h e d  f i b r e .  A t  low  s t r a i n  r a t e s  t h e  f i b r e s  a c t e d  a s  s t r e s s  
r a i s e r s  a n d  d e b o n d e d  e a s i l y  f r o m  t h e  m a t r i x ,  a n d  t h i s  a c c o u n t s  
f o r  t h e  J  i n t e g r a l  r e s u l t s .  A t  h i g h e r  s t r a i n  r a t e s  t h e  f i b r e s  
t o u g h e n e d  t h e  m a t r i x  t h r o u g h  t h e  s h e a t h i n g  e f f e c t .
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The p u r p o s e  o f  t h e  c o m p a c t  t e n s i o n  LEFM t e s t i n g  was t o  
i n v e s t i g a t e  t h i s  p r o c e s s  f u r t h e r  a t  two s i g n i f i c a n t l y  d i f f e r e n t  
s t r a i n  r a t e s  u n d e r  m ore  c o n t r o l l e d  c o n d i t i o n s .  A t  b o t h  s t r a i n  
r a t e s  s i m i l a r  t r e n d s  t o  t h e  J  i n t e g r a l  b e h a v i o u r  .w ere  p r o d u c e d .  
The h i g h e r  s t r a i n  r a t e  was l i m i t e d  by  t h e  c r o s s  h e a d  s p e e d  o f  a  
h y d r a u l i c  l o a d  f r a m e .  The maximum o b t a i n a b l e  s p e e d  was  0 . 1 7 m / s .  
A t  t h i s  s p e e d  t h e  f r a c t u r e  s u r f a c e s  o f  t h e  s p e c i m e n s  e x h i b i t e d  
o n l y  s l i g h t  p a t c h y  s h e a t h i n g  o f  p u l l e d - o u t  f i b r e s ,  f i g u r e  7 . 6 1 .  
F i b r e  s h e a t h i n g  i s  v e r y  s t r a i n  r a t e  d e p e n d e n t .  The  r e c o r d e d  
s p e e d s  o f  t h e  i m p a c t  t e s t s  w e r e  t h e  s p e e d s  o f  t h e  i m p a c t o r s  on  
c o n t a c t  w i t h  t h e  s p e c i m e n .  The  e l a s t i c  n a t u r e  o f  t h e  s p e c i m e n  
c a u s e s  i t  t o  d e f l e c t  u p o n  i m p a c t .  When t h e  c r a c k  f i n a l l y  
i n i t i a t e s  a n d  b e g i n s  t o  p r o p a g a t e  t h e  c r a c k  s p e e d  may b e  many 
t i m e s  g r e a t e r  t h a n  t h e  s p e e d  o f  t h e  i m p a c t o r .  The  f a s t e s t  s t r a i n  
r a t e  o b t a i n e d  i n  t h e  CT t e s t  was  n o t  s u f f i c i e n t  t o  r e p r o d u c e  
f u l l y  t h e  r e s u l t s  o b t a i n e d  f r o m  i m p a c t  t e s t i n g .
I n  summary ,  a t  lo w  s t r a i n  r a t e s  t h e  p l a s t i c  d e f o r m a t i o n  o f  
t h e  m a t r i x  a n d  r u b b e r  p a r t i c l e s  a r e  t h e  p r e d o m i n a n t  f o r m s  o f  
t o u g h e n i n g .  U n d e r  s u c h  c o n d i t i o n s  t h e  f i b r e s  w e a k e n  t h e  s y s t e m  
by  i n t r o d u c i n g  s t r e s s  r a i s e r s  a n d  d i s c o n t i n u i t i e s  t o  t h e  m a t r i x .  
A t  i m p a c t  s p e e d s  t h e  v i s c o e l a s t i c  p o l y m e r  m a t r i x  c a n n o t  r e s p o n d  
f a s t  e n o u g h  t o  t h e  l o a d i n g  c o n d i t i o n s  a n d  f r a c t u r e s  i n  a  b r i t t l e  
m a n n e r .  H o w ev e r ,  a t  s u c h  s p e e d s  t h e  f i b r e s  a c t  t o  t o u g h e n  t h e  
m a t e r i a l  by  i n c r e a s i n g  t h e  p u l l - o u t  e n e r g y .  T h i s  i s  d u e  t o  a n  
a d h e r e n t  s h e a t h  o f  m a t r i x  on  t h e  f i b r e  s u r f a c e  w h i c h  i s  n o t  
p r e s e n t  a t  t h e  l o w e r  s t r a i n  r a t e s .
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8.4. CONCLUDING REMARKS
The m e c h a n i c a l  p r o p e r t i e s  a n d  i m p a c t  r e s i s t a n c e  o f  
t h e r m o p l a s t i c s  c a n  b e  e n h a n c e d  g r e a t l y  by t h e  s e l e c t i v e  a d d i t i o n  
o f  f i b r e ,  r u b b e r  a n d  c o u p l i n g  c o m p o n e n t s .  P r e d i c t i n g  t h e  
r e l a t i v e  c o n t r i b u t i o n s  f r o m  t h e s e  c o m p o n e n t s  i n d i v i d u a l l y  a n d  
c o m b in e d  i s  c o m p l e x ,  b u t  t o  a  l i m i t e d  e x t e n t  c a n  b e  a c h i e v e d  
t h r o u g h  m o d i f i e d  m o d e l s  a n d  r e a s o n a b l e  a s s u m p t i o n s .  H o w ev e r ,  
n o n e  o f  t h i s  w o u ld  b e  p o s s i b l e  w i t h o u t  t h e  p r e l i m i n a r y  
d e t e r m i n a t i o n  o f  t h e  m i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  
c o m p o s i t e  g r a d e s .
M i c r o s t r u c t u r a l  c h a r a c t e r i s a t i o n  o f  SFRTP' s  i s  h i g h l y  
c o m p l e x ,  e s p e c i a l l y  i n  a  t h r e e - p h a s e  s y s t e m .  The  c o m b i n a t i o n  o f  
i m a g e  a n a l y s i s  t e c h n i q u e s  f o r  r e c o r d i n g  l a r g e  n u m b e r s  o f  f i b r e s  
a n d  a  c o m p u t e r  s i m u l a t i o n  a n d  c o r r e c t i o n  p r o g r a m  t o  a l l o w  f o r  t h e  
l i m i t a t i o n s  o f  t h e  a n a l y s e r  when d e a l i n g  w i t h  a  l a r g e  a s p e c t  
r a t i o  r a n g e ,  c a n  p r o d u c e  s e n s i b l e  r e s u l t s .  F o r t u n a t e l y ,  i n  t h i s  
s e r i e s  o f  t e s t s  t h e  f i b r e s  w i t h i n  t h e  m o u l d i n g s  w e r e  m a i n l y  
o r i e n t e d  w i t h i n  a  s i n g l e  p l a n e  d u e  t o  t h e  m o u ld  s u r f a c e  
c o n s t r a i n t s . T h u s  t h e  m o u ld e d  m a t e r i a l  c o u l d  b e  m o d e l l e d  a s  
b e i n g  c o m p o se d  o f  p l i e s  o f  v a r y i n g  a v e r a g e  o r i e n t a t i o n .  The  
r u b b e r  was  d i s t r i b u t e d  u n i f o r m l y  t h r o u g h o u t  t h e  s p e c i m e n s .  The 
m a in  e f f e c t  o f  t h e  r u b b e r  was t o  r e d u c e  t h e  s t i f f n e s s  o f  the_  
m a t r i x  a n d  h e n c e  t h e  s h e a r  s t r e s s  a t  t h e  f i b r e / m a t r i x  i n t e r f a c e  
w h i l e  a t  t h e  same t i m e  i m p r o v i n g  t h e  f r a c t u r e  t o u g h n e s s  a n d  
c r i t i c a l  s t r a i n  e n e r g y  r e l e a s e  r a t e  o f  t h e  m a t r i x .
The  f r a c t u r e  m e c h a n i c s  p r o p e r t i e s  o f  c o u p l e d  s h o r t  g l a s s  
f i b r e  r e i n f o r c e d  p o l y p r o p y l e n e  t o u g h e n e d  w i t h  r u b b e r  w e r e  h i g h l y
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s t r a i n  r a t e  d e p e n d e n t .  A t  low  s t r a i n  r a t e s  t h e  a d d i t i o n  o f  g l a s s  
f i b r e s  d e g r a d e s  t h e  t o u g h n e s s  o f  t h e  m a t e r i a l .  The  f i b r e s  a c t  a s  
d i s c o n t i n u i t i e s  w i t h i n  t h e  m a t r i x ,  a i d i n g  i n i t i a t i o n  a n d  
p r o p a g a t i o n  o f  a  c r a c k .  A t  h i g h e r  s t r a i n  r a t e s  t h e  f i b r e s  
t o u g h e n  t h e  m a t e r i a l  by  i n c r e a s i n g  t h e  e n e r g y  d i s s i p a t i o n  
a s s o c i a t e d  w i t h  f i b r e  p u l l - o u t .  T h e s e  e f f e c t s  r e s u l t e d  i n  
c h a n g e s  i n  t h e  f r a c t u r e  s u r f a c e  m o r p h o l o g y .  F i b r e s  p u l l e d - o u t  
a t  lo w  s t r a i n  r a t e s  h a d  c l e a n  s u r f a c e s .  A t  h i g h e r  s t r a i n  r a t e s  
t h e  s u r f a c e  o f  p u l l e d - o u t  f i b r e s  was  c o a t e d  i n  a n  a d h e r e n t  s h e a t h  
o f  m a t r i x  m a t e r i a l -  T h e s e  e f f e c t s  a r e  a  d i r e c t  c o n s e q u e n c e  o f  
t h e  v i s c o e l a s t i c  n a t u r e  o f  t h e  m a t r i x .  A t  low  s t r a i n  r a t e s  t h e  
m a t r i x  d e f o r m s  p l a s t i c a l l y .  A t  i m p a c t  s p e e d s  t h e  m a t r i x  r e s p o n d s  
i n  a p r e d o m o n i n a n t l y b r i t t l e  m a n n e r .
C a r e f u l  s e l e c t i o n  o f  m a t e r i a l  g r a d e s  c a n  t h u s  l e a d  t o  
r e l a t i v e l y  i n e x p e n s i v e ,  e a s i l y  f a b r i c a t e d ,  m a ss  p r o d u c e d  
c o m p o s i t e  c o m p o n e n t s  e x h i b i t i n g  h i g h  t o u g h n e s s  a n d  r e a s o n a b l e  
s t r e n g t h .
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8.5. FUTURE WORK
T h i s  p r o j e c t  h a s  h i g h l i g h t e d  a  nu m b er  o f  a r e a s  w h i c h  may 
m e r i t  f u r t h e r  u s e f u l  w o rk :
1 .  E x p e r i m e n t a l  e v a l u a t i o n  o f  t h e  m a n n e r  i n  w h i c h  t h e  
f i b r e / m a t r i x  i n t e r f a c i a l  s h e a r  s t r e s s  v a r i e s  w i t h  s t r a i n  
i n  d u c t i l e  m a t r i c e s .
2 .  The  p o s s i b l e  d e v e l o p m e n t  o f  a  m e th o d  f o r  e v a l u a t i n g  
c o m p l e x  t h r e e  d i m e n s i o n a l  o r i e n t a t i o n  d i s t r i b u t i o n s  f r o m  
e s s e n t i a l l y  two d i m e n s i o n a l  p l a n a r  s e c t i o n s .
3 .  C h e m i c a l  m o d i f i c a t i o n  o f  t h e  r u b b e r  u s e d  i n  t h i s  s e r i e s  
o f  t e s t s  may p r o m o t e  g r e a t e r  a d h e s i o n  b e t w e e n  t h e  r u b b e r  
a n d  t h e  f i b r e ,  t h u s  i n c r e a s i n g  t h e  t o u g h n e s s  o f  t h e  
m a t e r i a l .
4 .  The  a p p l i c a t i o n  o f  t h e  m e c h a n i c a l  m o d e l l i n g  u s e d  i n  t h e  
p r e s e n t  w o rk  t o  t h e  Cox m o d e l  f o r  t h e  s t r e s s  b u i l d  up  
w i t h i n  a  s h o r t  f i b r e .
5 .  A s p e c i f i c  i n v e s t i g a t i o n  o f  t h e  m a t r i x  s h e a t h i n g  
o b s e r v e d  a r o u n d  f i b r e s  d raw n  a t  h i g h  s t r a i n  r a t e s  f ro m  
d u c t i l e  t h e r m o p l a s t i c s  u n d e r  i m p a c t  c o n d i t i o n s .
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